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Abstract 
The reduction of nuisance noise and the removal of unwanted sound modes within a 
room or component enclosure-are accomplished through the use of acoustic absorbers. 
Sound absorption can be achieved through conversion of the kinetic energy associated 
with pressure waves, into heat energy via viscous dissipation. This occurs within open 
porous materials, or by utilising resonant effects produced using simple cavity and 
orifice configurations. The manufacture of traditional porous and resonant absorbers 
is commonly realised using basic manufacturing techniques. These techniques restrict 
the geometry of a given resonant construction, and limit the configuration of porous 
absorbers. The aim of this work is to exploit new and emerging capabilities of Rapid 
Manufacturing (RM) to produce components with geometrical freedom, and apply it 
to the development of broadband acoustic absorption. New and novel absorber 
geometric configurations are identified and their absorption performance is 
determined. The capabilities and limitations of RM processes in reproducing these 
configurations are demonstrated. 
The geometric configuration of RM resonant absorbers is investigated. Cavity 
modifications aimed at damping the resonant effect by restricting the motion of cavity 
air, and adding increased viscous resistance are explored. Modifications relating to 
cavity shape, the addition of internal perforations and increased cavity surface area 
have all been shown to add acoustic resistance, thereby increasing the bandwidth of 
absorption. Decreasing the hydraulic radius of the cavity cross section and reducing 
internal feature dimensions provide improved resistance over conventional 
configurations. Process limitations were identified which produce definable limits to 
the complexity of the cavity shape and the dimensions of internal features. 
Incorporation of internal cavity fins was identified as the most successful geometric 
modification, being capable of providing measurable improvements in resistance of 
195 Pa s m" without incurring intolerable fabrication issues. 
The use of RM in the fabrication of acoustic absorbers required characterisation of the 
acoustic properties of various RM materials. Processes such as Stereolithography and 
Selective Laser Sintering produce highly dense topologies with low porosity resulting 
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in highly reflective acoustic properties, offering low porous absorption. However, the 
processes themselves were explored to identify characteristics which could introduce 
porosity during fabrication. Modification of the track width and raster spacing 
parameters relating to Fused Deposition Modelling (FDM), for example, resulted in a 
method of producing controllable porous topologies. Different process configurations 
demonstrated a range of acoustic properties. Fabricated FDM samples, 20mm thick 
with 5% porosity, demonstrated porous absorption at and above 160OHz. More open 
configurations were better suited to providing acoustic resistance. These configurable 
topologies demonstrated high levels of added resistance to resonant absorption, 
providing the greatest improvement to resonant absorption bandwidth. 
The absorption of the investigated acoustic absorbers was compared against existing 
theoretical models to derive functional parameters to assist their incorporation in 
further absorber designs. This comparison was also used to evaluate the suitability of 
the existing theories in predicting the absorption of theses novel absorber 
configurations. 
A combination of geometric forms were identified and applied to produce a dual layer 
broadband resonant absorber, fabricated using different FDM porous topologies. This 
configuration yields a bandwidth of resonant absorption distributed over 3 octaves, 
comparable in performance to existing microperforated panel broadband absorbers. 
The resonant absorption is complemented with higher frequency porous absorption 
over 300OHz. 
This work introduces a novel empirical approach to investigating how changes in 
resonant absorber cavity geometry can be exploited to add acoustic resistance. A 
method of producing configurable porous topologies is also presented, allowing 
control of the acoustic properties through changes to FDM process parameters. The 
work has identified the potential in exploiting the relationship between process 
parameters and acoustic response, and demonstrates how this could be developed into 
a method of directly fabricating topologies with customised acoustic properties. 
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Chapter I 
Introduction 
The control of unwanted noise and the absorption of sound energy are relevant to 
many different engineering applications. Traditional solutions are generally either 
based on the bulk absorbing properties of certain porous materials for high 
frequencies, or on resonance with carefully designed structures tuned to lower 
frequencies. The design and manufacture of commercial resonant structures has had 
relatively little development to date. Many developed solutions utilise additional 
resistive materials or accurate sub-millimetre features to achieve satisfactory 
absorption characteristics. Much of the research to date has been concerned with 
predicting their absorption, and the effects of simple changes in geometry on the 
resonant frequency. 
Over the past 20 years, digitally driven, additive manufacturing processes have been 
developed. Originally used for the production of prototype models, these technologies 
are now being applied directly to manufacturing. Both the processes and materials are 
continuously improving, and their application and scope is expanding. There are 
certain design and geometric advantages that make these processes attractive for 
particular applications. Reduction of design constraints and complexity of geometry 
increases the potential for acoustic structures incorporating complex geometries and 
internal features, not currently viable with conventional manufacturing techniques. 
The discrete deposition or consolidation methods, coupled with layer based 
fabrication, offer scope to produce topologies with reduced density and increased 
porosity, with potential acoustic applications. This work investigates the design and 
manufacture of acoustic absorbers incorporating resonant geometric features and 
improved porous configurations,. to demonstrate improved performance as broadband 
acoustic absorbing devices. 
I 
1.1 Acoustics 
The presence of noise and sound influences every field of engineering. Acoustics can 
loosely be defined as the generation, transmission, and reception of energy in the form 
of vibrational waves in matter (Kinsler ct al. 1982). The radiation of vibrational 
energy in compressible gasses (such as air) causes pressure variations that fluctuate 
sinusoidally, these compressional waves are perceived aurally as sound. Typically the 
human ear is sensitive to oscillatory frequencies between 20 and 20,000 Hz in air 
(Smith, Peters & Owen 1996); however prolonged exposure to sustained sound levels 
and unstructured nuisance noise can have physical and psychological effects over and 
above that of annoyance. Human perception of generated sounds gives feedback on 
the environment status. The time taken for a produced sound to decay by 60dB 
(known as the reverberation time), and the reflective properties of an enclosure"s 
surfaces, provides a non-visual perception of space. The absorption of airborne sound 
energy affects how sound is reflected off a surface, altering the reverberation time of 
any associated enclosure. These factors influence how sound propagates within an 
enclosure, affecting the perceived clarity of sound reproduction or speech. 
When the oscillating air particles associated with a compressional airborne sound 
wave strike a solid surface the energy may be transmitted, reflected or absorbed by the 
surface. The relative magnitude of any one of these phenomena is dependent on the 
acoustic properties of the solid surface. The transmission of sound energy through a 
solid material is largely due to the propagation of structure-bome bending waves. The 
magnitude of these bending waves through a solid structure can be reduced by 
increasing the mass that the wave has to displace, or through the decoupling of 
surfaces to reduce the transmission paths. Airborne sound transmission presents a 
more complicated problem due to the intrinsic enveloping presence of the 
transmission medium. To reduce the transmission of compressional sound waves in a 
gas; the sound energy may be reduced through dissipation into heat energy, 
commonly referred to as acoustic absorption. A great deal of work has been carried 
out to understand and define airborne acoustics mathematically (Mechel, Munjal 
2002, Rayleigh 1945) to aid the development of acoustic absorption methods. There 
are, however, many recognised unpredictable variables that can affect the propagation 
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of compressional sound waves in a gas. This has often led to greater uncertainty in 
calculations when compared, for example, to electromagnetic wave systems. These 
uncertainties introduce discrepancies between theoretical and experimental results. 
1.2 Airborne Sound Energy Absorption 
The application of sound energy absorption can be used in the control of problematic 
noise or to enhance sound production or reproduction. It usually occurs through the 
transformation of energy within the oscillating air particles, into heat. This occurs 
through viscous shear forces within the gas as it experiences viscous drag over a solid 
surface. Acoustic absorption can be produced by forcing the oscillating air through 
restrictions or porous structures such as open celled foams or fibrous materials. 
Energy conversion into heat takes place over the large internal surface area of the 
absorber. Resonant cavity absorbers, comprising a mass clement and an enclosed 
volume, have much less surface area to dissipate energy. Absorption is achieved by 
increasing the magnitude of oscillations, which occurs when the incident frequency of 
air oscillations matches, for example, the resonant frequency of a combined orifice 
volume configuration. 
Absorption using solid porous structures is only effective if the internal air inclusions 
are interconnected, allowing compressional sound waves to propagate into the pores 
of the material. Material density, internal pore surface area and the complexity of the 
interconnections are the influential physical characteristics affectifig the absorptive 
properties. Absorption is only effective if the pressure maximum (and consequently 
maximum air velocity) of the incident wave is present within the porous structure. 
Therefore the thickness of the material determines the lower frequency absorption 
limit making porous materials more suited to higher frequencies. The configuration of 
resonant absorber elements allow lower frequency absorption to be achieved, although 
absorption only takes place over the narrow frequency range when the incident sound 
frequency matches the resonant frequency. This is determined by the enclosed air 
volume, and either panel mass per unit area (membrane absorbers), or the mass of air 
contained within an orifice (cavity absorbers). 
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High frequency sound energy absorption within porous structures can be easily 
realised using common fibrous materials and open celled foams. Much applied 
research has focused on producing low frequency acoustic absorption without the 
reliance on large thicknesses of porous material. Slowing the motion of air oscillations 
within resonant acoustic absorbers dampens the resonant effect, broadening the 
frequency bandwidth of effective absorption. Within cavity absorbers this is achieved 
by increasing the resistive viscous shear forces through the introduction of porous 
structures or sub-millimetre features. 
Advanced, resonant absorbers (Cobo, Fernandez & Doutres 2003, Ordufta- 
Bustamante, Nelson 1992), based on the use of active loudspeakers to modify the 
pressure oscillations of the enclosed air volume, have been shown to improve acoustic 
energy absorption characteristics, although rapid signal sampling, analysis, signal 
inversion and amplification in real time limit their applicability. 
Much theoretical modelling of the basic acoustic absorption methods has been carried 
out, allowing prediction of their absorption properties. These theories use physical 
properties relating to flow characteristics and absorber geometry to, derive values of 
impedanceand the absorption at different frequencies. These predictions can then be 
used in the design of absorbers to address certain problematic frequencies, or to act 
over a range of frequencies. 
1.2.1 The Function of Geometry in Sound Energy Absorption 
The characterisation of porous sound absorbing materials includes consideration of 
the pore shape and size, as well as the percentage of solid material to air, and the 
complexity of the propagation path through the material. Each of these physical 
characteristics has an effect on the absorption properties; however accurate 
characterisation is reliant on material quality and homogeneity which is limited by the 
random distribution of pore shapes and size, resulting from their manufacturing 
methods. This results in uncertainty in the prediction of their absorption 
(Horoshenkov et al. 2007). 
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Low frequency resonant absorbing structures can be tuned to absorb sound energy of 
specific frequencies through the selection of specific design dimension relationships. 
The size and shape of the enclosed air volume and orifice associated with resonant 
cavity absorbers can also affect the resonant frequency (Alster 1972). Further 
geometric development incorporating sub-millimctre orifice diameters (Maa 1998) 
encourages viscous flow within the orifice, achieving high resistance to the resonant 
oscillations, and increasing resonant absorption bandwidth. Other literature also 
suggests that the geometry of the cavity enclosing the air volume, can affect the 
resonator resistance (Ilinskii, Lipkens & Zabolotskaya 2001, Sapoval, Haeberl6 & 
Russ 1997). 
1.3 Rapid Manufacturing Advantages 
A family Of additive fabrication technologies, traditionally referred to as Rapid 
Prototyping, has evolved over the past 20 years into Rapid Manufacturing (RM). This 
development has led to improvements in build speeds, larger build sizes and improved 
physical properties of the produced parts, making them suitable for end use products 
and not confined to use as prototypes (Hopkinson, Hague & Dickens 2006, Pham, 
Dimov 2003). The additive, layer-by-layer, Computer Aided Design (CAD) driven 
fabrication method embraced by many RM processes enables complicated geometries 
to be produced without the constraints associated with many traditional manufacturing 
processes, such as draft angles or the requirement for tool clearance. This offers much 
more design freedom allowing intricate internal. features and complicated forms. The 
selective placement of solid material, and the layering of consecutive cross sections, 
can both give rise to porosity. This may be undesirable for applications where part 
strength or density is required, but has potential value for porous acoustic 
applications. 
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The advantages of RM over traditional methods are% 
o More design freedom, allowing manufacture-to-design; 
* no limitations due to tooling requirements; 
e more complicated or customised geometries are possible requiring no 
additional machine operator skill over that required for simple geometries; 
* minimal labour and a constant material costs making the location of 
manufacture unimportant. 
The development of applications that exploit these advantageous features is an 
expanding area of research that aims to produce products with added value or 
improved performance. An application to the field of acoustic absorption is the area 
investigated within this thesis. 
RM processes can be employed to investigate the geometry of acoustic absorbers. The 
larger feature sizes of resonant cavity absorbers lend themselves to fabrication using 
RM, allowing an investigation of resonator geometry to be conducted. Similarly the 
potential for producing porous topologies using RM has significant implications to 
acoustic absorption. 
1.4 Aims and Objectives 
The aims of this work are to investigate the incorporation of RM design freedoms to 
resonant acoustic absorbers, and ascertain if acoustically significant porous topologies 
can be fabricated using RM. This work aims to develop a single material broadband 
absorbing structure that is comparable in performance to existing solutions requiring 
multiple materials or the fabrication of sub-millimetre features, e. g. a microperforated 
panel. The limitations and constraints of the technology will also be identified and 
related to absorber performance. 
I 
The objectives of this work are to: 
Ascertain the potential application of RM to acoustic absorption; 
investigate resonant absorption bandwidth improvements through the 
modification of resonant absorber cavity geometry; 
41 investigate the fabrication of porous topologies using RM, with an aim to 
achieve porous absorption and acoustic resistance; 
derive absorption characteristics and important parameters of RM acoustic 
absorbing stru&urcs; 
develop a RM enabled single material broadband acoustic absorber, 
comparable in performance to existing broadband absorbers. 
1.5 Thesis Structure 
An investigation addressing the application of RM to acoustic absorption is presented 
within this thesis. The investigation takes an iterative approach, using findings from 
previous chapters to develop ideas, test methods and test geometries. The structure of 
the thesis is as follows: 
"A critical review of current acoustic absorbing / noise reducing methods, and 
Rapid Manufacturing processes and materials is presented (Chapter 2); 
" following the identification of areas of significance from Chapter 2, the 
detailed theory and design of resonant and porous absorbers is described. 
Areas with potential for enhancing performance through geometrical form and 
fabrication freedom are identified. (Chapter 3); 
" the theoretical background from Chapters 2 and 3 is used to develop an 
investigation into the configuration of resonant acoustic absorbers. Geometric 
cavity modifications are developed aimed at adding acoustic resistance. 
Performance is evaluated through absorption bandwidth improvements 
(Chapter 4); 
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e the acoustic implications of porosity produced using RM processes are 
investigated. Porous absorption and acoustic resistance are both addressed 
(Chapter 5); 
the theoretical models from Chapter 3 are used to evaluate the absorption of 
the results in Chapters 4 and 5. A novel derivation approach is adopted to 
ascertain resonant absorber model parameters from the measured absorption. 
These parameters, together with porous absorption predictions are then used in 
the development of a broadband RM absorber, whose performance is 
compared to theoretical predictions and existing broadband absorption 
performance (Chapter 6); 
conclusions are drawn from the conducted work and areas are suggested for 
further work or investigation. Practical implications are also considered 
I 
(Chapter 7). 
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Chapter 2 
Theoretical Background 
Sound, from a human perspective, is an interpretation by the ear of longitudinal 
pressure waves, transmitted via disturbances within a compressible fluid (e. g. air or 
water). These disturbances displace the eardrum, the movements of which are 
transmitted via the Ossicles (a series of three bones) to the inner ear, where the 
auditory nerve detects the movement of hair cells within the fluid filled Cochlea, 
sending nerve impulses to the brain. For an average young person, an airborne 
vibrational disturbance is interpreted as sound if its frequency lies in the range of 
about 20 to 20,000 Hz. Eardrum displacements one-tenth the diameter of a hydrogen 
molecule can be detected (Kinsler et al. 1982). When sounds are perceived as 
annoying or uncomfortable, we generally regard this as noise. Nuisance noise, aside 
from annoyance, can also have adverse health effects, the most obvious being 
disturbance of sleep', but there is also evidence of ischaernic heat disease and 
decreased performance of school children (Institute for Environment and Health 
1997). 
In buildings, especially residential housing, noise nuisance has become a significant 
issue, indicated by the trebling of domestic nuisance noise complaints between 1988 
and 1998 (Simons, Waters 2004). The presence of external environmental noise 
within a room is mainly dependent on the construction of the walls of the building and 
their associated transmission loss properties. Airborne transmission of environmental 
noise is also possible (through ventilation systems for example), if sound paths are 
unhindered by acoustic absorbing measures. Recent legislation has placed regulations 
limiting the permissible amount of sound transmission between dwellings, and placing 
1 Disturbance of sleep can reduce sleep quality: premature awakening, changes in sleep stages and time 
taken to fall asleep. Performance and mood may both be lowered following sleep disturbance by noise. 
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a minimum requirement of 45dB sound insulation on separating walls and floors 
(Office of the Deputy Prime Minister 2003). 
The sound type and level that constitutes nuisance noise is inherently hard to quantify. 
However, the key factors are the noise sensitivity of the listener and the circumstances 
in which the noise is heard. The acceptability of different sounds is largely subjective, 
but the general acceptability of a sound of constant frequency can be established using 
noise rating curves 2. These curves only apply to steady constant noise such as that 
produced by building services. In general, low frequency sounds are much more 
acceptable than higher frequencies. A noise rating value of 20 is indicative of a 
location such as an opera hall, or sound studio whereas a value of 45 might be 
indicative of a machine room, laundry room or busy canteen (The Chartered 
Institution of Building Services Engineers 1999). 
The evaluation of the acceptance of fluctuating noise such as that produced by road 
vehicles, construction noise, rail traffic or aviation noise cannot be described by a 
single noise rating or decibel value as they constantly vary in character and level. 
Instead, fluctuating noise acceptance is often determined using indices based on 
decibel (dB) levels. For example, road noise acceptance is based on a statistical sound 
level being exceeded for more than 10% of a given time (Fry 1988). 
Tackling the source of mechanically produced nuisance noise is one method of noise 
reduction. Complete acoustic isolation can be a difficult task to achieve, although 
significant noise reduction can be accomplished through careful consideration of the 
stiffness and resonant modes of machine parts / enclosures, and the application of 
increased damping and vibration isolating measures (Smith, Peters & Owen 1996). 
These strategies cannot always be fully implemented if the flow of air is an important 
factor in the operation of a machine. The sound that propagates within tubes or ducts 
e. g. exhaust pipes, compressors or pumps and air ducts from Heating Ventilation and 
2 The noise rating value is determined by plotting measured sound pressure levels against a set of noise 
rating curves whose contours have been subjectively defined to represent sound of equal loudness at 
different frequencies. The highest curve intersected by the measured results determines the noise rating 
value. 
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Air Conditioning (HVAC) systems, is often radiatcd into occupied spaces and can be 
a source of annoyance (Reynolds 1981). The low frequency absorption ability of 
resonant cavity absorbers finds their extensive use within these systems (Munjal 
1987). They can be applied as side braches to absorb sound energy whilst maintaining 
air flow. Lightweight porous absorbers are often used to reduce the external noise 
within an enclosure. Examples of such applications are sound absorbing passenger 
vehicle trim or lightweight double wall partitions within buildings (Fahy 2001, 
Simons, Waters 2004). 
The application of acoustic absorption used to control the noise in rooms and 
buildings can reduce overall noise levels that may otherwise cause hearing damage or 
impede speech intelligibility (Cox, D'Antonio 2004). In addition to controlling 
unwanted noise within a room, the application of acoustic absorption to a room can be 
used to tailor a room for specific acoustic applications. The rate of decay once a sound 
source has stopped is governed by the sound absorbing characteristics of the boundary 
surfaces, the air filling the space, and the objects within the space (British Standards 
Institute 2003). The reverberation time of a room is the time taken for the sound 
energy produced by a source to decay by 60dB. A long reverberation time will mean 
that the sound level of a single syllable will not have decayed sufficiently by the time 
the next arrives, resulting in a messy confusing soundAn particular, lower level 
consonants are often masked by more prominent preceding syllables (Everest 2001). 
A short reverberation time will give good speech intelligibility, and it can also help to 
reduce sound transmission between workstations in an open plan office. However 
high absorption will reduce the transmission of the sound within the room, inhibiting 
sound distribution (Fry 1988). Usually a room with little absorption and a long 
reverberation time has a very lively feel to it, whereas a room with high absorption 
can feel dead. The 'feel' of the room not only affects the intelligibility of any sound 
produced within the room, but can also affect, the sense of well-being of the 
occupants (Smith, Peters & Owen 1996). Control of these effects is important within 
rooms intended for sound reproduction (such as cinemas or listening auditoria), or 
sound production (such as recording studios and theatres). It is especially important in 
large rooms with no acoustical amplification, such as a concert hall (Smith, Peters & 
Owen 1996). 
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Not all absorber types are suitable to all applications; porous absorbers are susceptible 
to blockage by particles and are generally only feasible for high frequency absorption, 
as low frequencies have long wavelengths meaning pressure maxima are less likely to 
propagate sufficiently into a porous material to achieve significant absorption. They 
are also hard to clean, presenting hygiene issues and can release fibres into the air. 
Their inherent fragility affects durability, particularly in physically harsh 
surroundings. They also introduce environmental issues, principally in their 
recyclability. Resonant type absorbers can address low frequency problems but the 
range over which they are effective is narrow. Their cavities can trap water, dust and 
insects, presenting hygiene issues (Fuchs 2001). 
2.1 Sound Propagation 
The propagation of sound energy is largely dependent on the medium through which 
it travels. The speed at which sound energy travels and its dissipation varies between 
solids, liquids and gases. Further, it is also dependent on specific material properties 
such as compressibility, inertia and temperature. As- a wave travels, the particles of the 
medium vibrate to produce changes in density and pressure in the direction of the 
wave motion (Serway, Beichner 2000). Propagation of sound through solids and 
gasses are mainly considered in architectural and engineering applications. 
Solid materials are capable of supporting shear as well as compressional stresses, 
although due to the strong intermolecular forces resisting compression, purely 
compressional longitudinal sound wave propagation is of negligible importance (Bies, 
Hansen 2003). The sound transmission from a sound source, within a solid medium is 
largely due to the propagation of structure-borne bending waves, which ire a 
combination of shear and compressional waves. These may be induced in a structure 
by the direct vibration of the sound source, or by airborne waves striking an 
enclosure's surface. The bending waves propagate through the solid material and re- 
radiate on the other side. The intensity of the transmitted sound is dependent on (Fry 
1988): 
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" Frequency of the sound; 
" intensity of the sound; 
" angle of incidence of the sound wave on the wall; 
" dimensions of the wall; 
" mass and stiffness of the wall; 
" amount of damping in the wall. 
The most common method of reducing the sound transmission through a panel is to 
increase its mass, as more sound energy is required to induce vibrations in a heavy 
structure with high inertia. The transmission loss of the panel is related to its mass per 
unit area and the frequency being applied. The transmission loss TL (dB) for an 
acoustic wave of normal incidence, can be approximated using the following formula 
(Bies, Hansen 2003), 
TL = l0loglo 
[I+ (iýl 'I, 
Eq 2.1 
where f (Hz) is the applied frequency, M, (kg M-2) the surface mass, p (kg m -3) the 
density of air and c (m s-) the speed of sound in air. 
Therefore, for a given material and environment, the sound transmission loss is 
dependent on the thickness of the panel and the incident frequency. However, this 
only holds true for a certain range of frequencies, dependent on different physical 
properties of the wall. At very low frequencies the panel tends to move as a 
membrane; transmission loss is affected by resonance at the natural frequencies of the 
panel which is dependent on the panel stiffness (Fry 1988). At very high frequencies 
an effect known at coincidence influences the transmission loss. This effect reduces 
the panel transmission loss when the frequency of induced longitudinal bending 
waves within the panel, matches the frequency of the incident sound. This effect is 
controlled by the damping characteristics and the stiffness of the panel. Under 
resonance and coincidence the partition experiences 'free' vibration, consequently 
leading to increased sound transmission. As with all vibratory systems, the 
introduction of damping reduces the amplitude of the vibrations by producing heat 
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during the overcoming of internal frictional forces associated with damping. This 
consequently reduces the energy transferred. This can be applied to walls by the 
addition of a mastic like material with high hysteresis losses to one side of a wall 
panel (Sharland 1988). 
The transmission of sound energy within a wall or structure can be reduced if the 
number of paths, for structure borne bending waves to travel through to the external 
surface, is minimised. The simplest method of implementing this strategy in buildings 
is to stagger the studs to which the wall panels are fixed to. This leaves the perimeter 
as the only common support between opposing panels. Alternatively constructing two 
independent frames mechanically and acoustically independent of one another, 
creating a double wall partition, can further reduce the amount of coupling between 
wall surfaces (Bies, Hansen 2003). To ftirther decouple wall surfaces, resilient bars 
can be used to mount the wall panels onto the studs. They reduce the amount of 
vibration transmitted from the panels to the studwork by eliminating direct contact 
between the two. 
The reduction of airborne sound energy is a more difficult task than that of structure 
bome sound energy, because the abundance of the transmission medium can hamper 
efforts to isolate problems. Reduction of airborne sound energy can be achieved by 
converting sound energy into heat energy. 
All sound energy is ultimately converted into heat energy. This may occur within the 
transmission medium itself, or through interactions at boundaries with other materials. 
in air, energy conversion is mostly attributable to molecular relaxation, which is 
heavily dependent on humidity. Relative motion between molecules during 
compression and expansion gives rise to viscous frictional energy conversions, while, 
losses due to heat conduction and molecular energy exchanges are also accountable. 
Sound energy reduction through conversion to heat energy is known as sound 
absorption. The sound absorption of air (decibels per metre) is approximately 
proportional to the square of the frequency; however, this only becomes significant 
for very high frequencies (Smith, Peters & Owen 1996). 
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As airborne sound propagates over a surface, viscous flow is induced near the 
boundary. The layer of particles adjacent to the surface has zero velocity, while the 
particles a finite distance away oscillate freely. This distance is known as the viscous 
boundary layer, depicted in Figure 2.1. As with the sound absorption within air, the 
relative motion between air molecules as a result of fluid viscosity produces friction, 
converting kinetic energy into heat energy. The amount of viscous energy conversion 
is greater than that produced in free air, as the relative particle velocities are greater. 
Viscous boundary 
%,,. o 0 '0 
layer 
Figure 2.1: Oscillatory viscous flow over a surface. 
2.2 Soupd Energy Absorption 
The magnitude of acoustic energy conversion via viscous friction is generally very 
small. Maximising these conversions is the key to the successftil absorption of 
airborne sound energy. This can be achieved by increasing the surface area that the air 
oscillates over (adopted by open celled porous materials), or increasing the magnitude 
of the air oscillations over a surface (adopted by resonant absorbers). The fraction of 
incident sound energy that is absorbed by a material is known as the dimensionless 
absorption coefficient a (-). 
2.2.1 Porous Absorption 
Porous absorbers consist of many interconnecting pores through which air can move. 
Pore sizes for optimal absorption are typically in the order of O. Imm (Wang, Lu 
1999). As a sound pressure wave is forced through the many narrow airways, viscous 
frictional energy conversion takes place between the air particles, causing energy to 
Is 
be dissipated in the forni of heat. Changes in flow direction, and exp, 111,, jon 
contraction into the varying cross sections of Irre-gular pores, cause a momenturn 
reduction in the direction ofwave propagation. adding to the sound energy reduction 
(Beranek, Wr 1992). Further losses occur at lower Frequencies through thermal 
energy condLICtion into the absorber material as air undergoes thermal fluctuations 
caused by the oscillating changes in pressure (Zxvikker, Kostcri 1949). 
Common absorber materials are glass fibre, rock wool and open cell 1`6anis (FIgure 
2.2). However, other compositions based on granular materials, including sands and 
soil, can also achieve porous absorption (Voronina, l1oroshcnkov 2003). Commonly 
used closed cell foarns such as expanded polystyrene, do not necessarily make good 
acoustic absorbers. It is imperative that the cells of' the foarn are interconnected to 
allow movernent of air through the material. The thickness of the absorbing material 
dcterninies the frequency at which useful absorption is obtained-, if a sound wave Is 
incident on a rigid wall, the maximurn particle velocities will occur at distances 1/4 
and 3/4 of the wavelength in front of the wall. Therefore ifthe foarn is thinner than 
one quarter of' the wavelength, the particle velocity through the f6ain will be low, 
producing little sound absorption. This normally results in porous absorbers only 
being efficient at absorbing higher frequencies (Marsh, Raines (-)). Higher material 
densities will produce greater acoustic absorption. 
4 
4 
Figure 2.2: Scanning electron microscope view ol'an open cell foarn porous absorber. 3 
' Taken from D. Dooling (1998). 
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Experimental study has shown that there are three main properties that affect the 
absorption characteristics of porous materials; flow resistivity, porosity and tortuosity. 
The flow resistivity of a material refers to how easily air can propagate through a 
material, and relates the pressure of the oscillating air flow to the induced flow rate 
through the material. For a given material bulk density, the resistivity increases as 
fibre diameter decreases. The porosity or fraction open volume of the material affects 
the volume velocity within the material, and consequently the resistivity. The 
structural complexity or tortuosity of the interconnecting nature of the pores 
(encompassing abrupt changes in cross section, non parallel channels and the 
inclusion of discrete cavities), adds an inertial component to air flow, resisting the 
motion of air relative to its acceleration. This affects the apparent fluid density and 
compressibility of the air within the material (Fahy 2001, Zwikker, Kosten 1949). 
Dual porosity and multi-scale porous materials incorporating meso-perforations 
throughout, or at different depths within a porous material, have shown significant 
enhancements of the absorption properties. Low frequency absorption can be 
significantly increased, and can be adjusted through modifications to the profile of the 
meso-perforations (B6cot, Jaouen & Ggurdon 2007, Sgard et al. 2005). 
2.2.2 Resonant Absorption 
Resonant absorbers provide acoustic absorption through increased viscous frictional 
energy conversion due to the presence of induced high amplitude oscillations when 
the frequency of the incident sound matches the natural frequency of the absorber. 
One type of resonant absorber is a membrane absorber. It is essentially a diaphragm 
mounted a certain distance in front of a solid wall, creating an enclosed air space. 
Rapid flexing of the membrane occurs as it is excited by the incident sound wave, and 
heat is produced as the membrane resists this motion. Compression of the enclosed air 
space behind the membrane also occurs, and provides another mechanism of energy 
conversion into heat. The maximum energy loss occurs when the membrane vibrates 
with its greatest amplitude when it is at its resonant frequency. The resonant 
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frequency is determined by the surface density of the membrane, and the width of the 
enclosed air gap (Fry 1988): 
60 
Eq 2.2 
(M, d) 
where f- (Hz) is the resonant frequency, M, (kg m2) is the surface mass of the panel 
and d (m) is the depth of the air gap. Typical membrane absorbers are constructed of 
plywood or plasterboard and are often installed as suspended ceilings or stud 
partitions. 
In building acoustics the most frequently used type of resonant absorber is the cavity 
absorber also known as a Helmholtz resonator after the German physicist Hermann 
von Helmholtz who first developed a set of resonators to study the auditory response 
of tones. It takes the form of an enclosed volume of air connected to the room where 
sound is to be absorbed by means of a small neck, depicted in Figure 2.3. 
C-ity 
(volume 19 
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igth 1. area S) 
Incident Sound 
Wave 
Figure 2.3: Cross section through a typical cavity resonator. 
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Assuming the incident sound wavelength is greater than any characteristic resonator 
dimension, a lumped element approach can be adopted whereby the behaviour of the 
different resonator elements can be approximated using simplified mechanical 
analogies. In this case, the cavity resonator acts as a mechanical mass-spring 
oscillator, where the air in the'cavity acts as a spring with zero mass. The plug of air 
in the neck acts as an oscillating mass. When sound of a frequency matching the 
resonant frequency of the mass-spring system is incident on the resonator, large 
oscillations occur. The resonant frequency f, (Hz) can be calculated using (Beranek, 
Wr 1992), 
Eq 2.3 
where S (m2) is the cross sectional area of the neck, I (m) is the length of the neck, Al 
(m) is the neck length end correction due air mass movements around each orifice of 
the neck and V(m) is the volume of cavity. 
A predominant peak of absorption is obtained when the frequency of an incident 
sound wave matches the resonant frequency of the absorber. The frequency of 
resonance can be tuned by changing the vibrating mass and the stiffness of the air- 
spring. During the oscillation of the air within the cavity, frictional energy conversion 
takes place within the viscous boundary layer near the walls of the absorber, 
producing heat and consequently absorbing sound energy. As the absorption of the 
resonator is only significant at the resonant and nearby frequencies, the range at which 
cavity absorbers are effective is very narrow. The effective frequency range is 
dependent on the resistance in the system. If damping is introduced in the form of a 
porous material over the mouth of the resonator, resistance to the movement of the air 
plug occurs. This consequently reduces the amplitude of the oscillations, but widens 
the effective frequency range of the absorber (Everest 2001). Using the correct 
combination of neck geometry and cavity volume, low frequency sounds can be 
absorbed using resonators of a much smaller size than the equivalent required 
thickness of porous absorber. 
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Helmholtz resonators do not necessarily have to take the form of a single orifice and 
enclosed volume. Often a more practical implementation comes in the form of ý 
perforated plate mounted a distance d (m) from a solid wall. In. this case the volume V 
(m) is represented by a portion of the air gap between the sheet and the wall, but is 
not actually segregated. This type of construction is depicted in Figure 2.4. Porous 
materials are often added in front or behind the perforations, to increase the effective 
bandwidth (Ingard 1954). 
Figure 2A Perforated plate resonator cross section. 4 
Maa (1998) described a perforated panel that does not require the addition of porous 
materials to achieve broadband absorption. Sub millimetre resonator neck dimensions, 
comparable to the thickness of the viscous boundary layer of air, achieve sufficient 
levels of viscous resistance to enable broadband absorption over 3 octaves (250Hz - 
200011z). 
4 Taken from G. G. Sacerdote (195 1). 
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2.2.3 Miscellaneous Absorption Methods 
There are a number of other approaches that have also been shown tO CXIIII)III SOLIII(I 
absorbing properties. The Schroeder pscudostochastic diffuser, sho\vn m Figuirc 2.5, is 
commonly used to produce an even, diffuse sound field within a room. Research has 
shown however, that if properly designed they can provide high levels ofabsorption. 
Figure 2.5: One dimensional Schroeder diffuscr. ý 
Fuj*iwara and Miyajima (1992) measured remarkabic levels of absorption from 
Schroeder diffusers which they later reported to be caused by poor construction. Gaps 
between the elements making up the various wells could act as openings to cavities 
behind the panel creating Helmholtz type, resonant absorbers. It was also anticipated 
that sound energy reduction could occur through resonant absorption at the quarter zn 
wave resonances of the wells. The levels of absorption achieved indicated that these 
effects alone could not account for the high absorption levels recorded. Kuttruff 
(1994) explained that the excessive absorption could be attributed to viscous energy 
dissipation of air flow between in-frequency wells and those wells out of' frequency, 
shown in Figure 2.6. 
Taken From T. J. Cox and P. D'Antonio (2004) 
21 
hic -ident Sound. bm Pressure Point 
Wavelength ; 
3- 
1111 
/ 
Fvi, 
Los 
Id 
tqý 
1110., 
if( I III ti I( 
IIIII/ kkýý I fir lkkký flip 
I "Icrg'l 4 
Tube Ltwglh iý 4 
High pre'vNIII-c 
Wave Front 
Figure 2.6: Schroeder diffuser absorption method. 
The design of a Schroeder-type surface for maxIMUrn absorption is significantly 
different to that of one optimised for diffusion. Some of' the important design 
considerations are outlined by Cox and D'Antonio (2004): Two dimensional 
sequences have a greater number of well depths allowing the existence of' more 
quarter wave resonances, and more wells for energy flow to occur between, tile depth 
sequence should evenly distribute the well resonances through the design Ircqucricy 
bandwidth. the deepest well determines the lower limit of the frequency bandwidth. 
The resonant frequency of a well can be calculated using 
4d ni = 
1.2,3..., Eq 2.4 
where d, (m) is the depth of the nth wc1l. 
Another recent advent in sound reduction theory has been developed from the 
established phenomenon of electronic band gaps within semiconductor crystals. These 
crystals are often used within electronics to filter electrons in certain energy bands 
(Sanchcz-Pcrez et al. 1998). The effect is attributable to the periodic array of atoms 
within the crystal (James et al. 1995). The theory behind this mechanism has been 
applied to electromagnetic waves to create 'photonic' crystals constituting a medium 
composed of synthetic periodic dielectric structures (Kushwaha. Djafari-ROUhani 
Sound If On, R(111(-t lcd 
ill Termilialif m ot 1. "a, 11 
WCH 
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1998). The periodicity of tile medium regulates the propagation of electromagnetic 
waves, creating a frequency window, or band gap that electromagnetic waves cannot 
pass through. The band gap is produced as tile wavelength of tile propagating waves 
approaches the period ofthe crystal (Shen, Cao 1999). 
The mathematical analogy between electromagnetic waves and tile elastic vibration of' 
sound waves has led to the prediction of' 'phononic' structures, with frequency band 
gaps in which the propagation of sound and phonons is forbidden (Vasscur ct al. 
1998). The crucial parameters that determine the band (Yaps are: the ratio between tile 
wave velocities within the solid inclusions and the surrounding medium, the volume 
fraction occupied by the solid inclusions, and the density ratio between tile two 
mediums (Martincz-Sala ct al. 1995). 
The majority of the work carried out in this area has been the theoretical niodellinill of 
I two-dimensional crystals, composed of an array of cylindrical Inclusions periodically 
placed in an elastic solid or fluid. However a sculpture exhibited at the Juan March 
Foundation in Madrid, shown in Figure 2.7, consisting of a large periodic array of' 
hollow steel cylinders (considered to be a phononIc structure) has been shown to 
exhibit prominent sound attenuation around 1.67 and 2.4 kHz (Martilicz-Sala ct al. 
1995). 
Figure 2.7: Phononic sculpture at Juan March Foundation, Madrid. 6 
' Taken from F. Meseguer (1998). 
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All the previous examples of sound energy reduction have been passive, relying on 
their specific geometries to manipulate sound energy. The advantage of these methods 
is that once implemented, they require no additional input or energy to operate. One 
approach that combines acoustics and signal processing is active noise control. In this 
case destructive interference is set up between the sound fields generated by the 
original sound source and that due to other sources (usually loudspeakers), whose 
acoustic outputs can be controlled (Elliott, Nelson 1993). The principle is based 
around the capture of the original sound signal and subsequent processing and real 
time manipulation, to produce an output in the form of a second sound field, such that 
the superposition of the two sound sources causes destructive interference. The signal 
processing element is crucial to the successful operation of active absorbers, and is 
difficult to achieve using an analogue system. Digital systems can successfully 
produce active adaptation of the signal, sufficiently accurate to achieve real time 
attenuation (Elliott, Nelson 1993). The classic application of this technology is in 
ducts where there is less complicated wave propagation. However more intelligent 
systems have been shown capable of minimising the total sound within a room or 
enclosure (Guicking, Karcher & Rollwage 1985). 
Hybrid passive-active systems have been experimentally developed, consisting of a 
passive absorbing layer backed by an air space, terminated with an active surface 
instead of a solid wall. The passive layer may take the form of a porous absorbing 
layer (Beyene, Burdisso 1997, Smith, Johnson & Burdisso 1999) or a Helmholtz type 
resonant layer (Cobo et al. 2004). The active termination is used to modify the layer's 
back impedance so as to match the characteristic impedance of air. This produces 
optimal boundary conditions in the cavity behind the passive layer, increasing the 
absorption of the system at the frequencies where the passive material alone is not 
effective (Smith, Johnson & Burdisso 1999). Systems like this have shown high 
absorption over a large frequency range, and are particularly effective at low 
frequencies. Active absorption systems have advantages over many passive solutions 
in terms of size and weight. This is offset, however, by their complexity and cost, 
making their use limited to specialised applications. 
The measurement of acoustic absorption can be accomplished on a large scale within 
the diffuse field of a reverberation chamber. Large samples in the order of lOm2 are 
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used to modify the time taken for sound within the chamber to decay, which can then 
be related to absorption. Alternatively a smaller scale direct measurement approach 
can be used whereby the amount of energy reflected from a test specimen is measured 
in a scaled impedance tube, using the superposition of standing waves. The subject of 
sound absorption testing is addressed within Appendix 1. 
2.2.4 Traditional Absorber Manufacture 
The manufacture of porous absorbing materials must encourage the formation of 
interconnections between pores. In the case of fibrous materials (e. g. mineral wool or 
glass fibre) the raw materials are melted at high temperatures and then spun or pulled 
together to form filaments. These are then bonded together to give the absorber its 
shape (Cox, D'Antonio 2004). Porous open celled foams are generally made from 
polymers (Polyurethane for example) and are formed through a process involving the 
nucleation and growth of gas bubbles within a polymer matrix. As the bubbles expand 
the foam density decreases. Open cellular structures are obtained if bubble expansion 
is allowed to continue, causing the cell walls to rupture (Eaves 2004). The random 
nature of how the microstructures of these porous materials are formed presents 
difficulties in predicting their acoustic performance. Calculations based on empirical 
trends tend to be the most effective and easy to apply (Cox, D'Antonio 2004, Delany, 
Bazley 1970); however complex semi-analytical calculation is possible using material 
characteristics such as pore shape, tortuosity and flow resistivity (Allard, Champoux 
1992). 
The material that low to mid frequency Helmholtz type resonator structures are made 
from is largely unimportant (providing it is a nonporous solid), and is generally 
dictated by the end application. Side branch resonators for exhausts or ducts will 
generally be constructed from sheet metal, whereas perforated panels intended for 
room acoustics are generally made from plywood, Medium Density Fibreboard 
(MDF) or fibreglass (Cox, D'Antonio 2004), but may mirror other common building 
materials such as metal or plaster. Acrylic can also be used allowing an absorbent 
panel to be produced from a visually transparent material. (D'Antonio, Cox 2005). 
Perforated panels offer a very simple resonator construction, only requiring an 
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accurate drilling process. The exception to this is the microperforated panel which 
introduces manufacturing difficulties due to the small scale and required accuracy of 
its perforations (Maa, 1998). Methods of achieving these micro perforations include 
mechanical drilling, laser cutting or the use of hot needles (Fuchs 2000). 
The limitations imposed by current manufacturing techniques place restrictions on the 
feasible resonant absorber designs, with the majority of existing designs based on 
simple regular orifice shapes and arbitrary cavity profiles. The manufacture of porous 
absorbers relies on irregular fabrication processes which can introduce variability in 
properties from one sample to the next'. The application of advanced manufacturing 
processes capable of accurately reproducing small, complex features, to the 
fabrication of acoustic absorbers, introduces freedom and control to absorber design 
and manufacture. Such processes could be used to improve absorption performance, 
and tailor the response of a sound absorbing device. 
2.3 Rapid Manufacturing 
Rapid Manufacturing (RM) describes a collection of manufacturing technologies 
which were initially used for the fabrication of prototypes (also referred to as Rapid 
Prototyping). All techniques are similar in that they construct solid three dimensional 
parts in an additive fashion, by 'growing' slices of material, bonded together from the 
bottom to the top of the part, directly from computer-driven data (Cooper 2001). The 
evolution of these processes over the past two decades has seen many improvements 
in materials, process capabilities and build speed enabling them to produce end-use 
parts. Parts are produced directly from 3D Computer Aided Design (CAD) software 
with minimal human interaction offering new levels of design freedom. Traditionally 
the design of a component has been limited by the manufacturing process, for 
example: 
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" Re-entrant shapes are not feasible, 
" too] clearance must be considered-, 
" draft angles are required for removal from a mould, L, 
" split lines are produced where two mould halves niect-, 
" variable wall thicknesses produce sinks caused by uncvcii cooling. 
The use of' RM does not impose these restrictions 111d Llllllk-C COII\'ClItIO11,11 
manufacturing there is no direct link to the cost 01'a component and tile Complexity of' 
its design (Flague, Campbell & Dickens 2003). This effcctively allows complicated 
designs to be fabricated just as easily as simple ones. This geometric frecdorn is 
exemplificd in Figure 2.8. 
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Figure 2.8: Examples of RM geometric freedom 7 I- 
Aside to the geometrical design benefits there are other significant benefits available 
to the manufacturer and the engineer. These include: 
Complete product customisation whereby each individual part produced is 
tailored to the customer's exact requirements (Wohlers 2004); 
multiple part production in a single build, each with a different geometry, 
traditionally requiring the production of a different mould for each geoinctry', I- 
'Taken from G. W. Hart (2005). 
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0 no additional machine operator skill or intervention to be able to producc 
customised or complex geometries, tlicy simply have to orient the parts within 
the build volume (Williams, Panchal & Rosen 2003), 
0 manufacturing location is no longcr ail important economic factor as the 
amount of hired labour is imilimal and the cost of' materials is Iltirly constant. 
Manufacturing of' products Could be carried Out within the intended market. 
reducing shipping and trail sportat ion costs, and environmental impact. 
Currently there arc only a handftil of' companies that Litilisc RM technologies to 
produce mass custornised products for the commercial market. RM has been use(] to 
produce custorn fit hearing aids and dental aligners, shown in Figure 2.9.1 learino ald 
manufacturers Siernens and Phonak have taken advantage of' the total CUStOnlisation 
possibilities by producing bespoke, in-car hearing aids that are tailored to the exact 
shape of the customer's car canal. This offers improved conit'ort, good retention In tile 
ear and biocompatible, hypoallergenic material (Plionak Hearing Systems (-)). Tile 
custom shells are produced in Nylon using a Selective Laser Sintering (SLS) process 
and house all the necessary electronics. Reverse engineering is carried out oil a clay 
impression of the custorner"s car and the scanned data used to create tile CAD model 
of the shcll (Williams, Parichal & Rosen 2003). 
Figure 2.9: Rapid manufactured products: (a) Phonak eShell hearin', aid C) (b) 
Invisalign dental aligner. '(' 
' Reverse engineering involves measuring an obýject using 3D scanning equipment, and then digitally 
reconstructing it as a CAD 3D model. 
9 Taken from Phonak I learing Systems 
" Taken from Align Technology (2004). 
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Align Technologies laser scan a clay impression of a patient's teeth to produce a CAD 
representation. From this the required dental aligner shape can be produced. A 
selective laser photo curing process, known as Stercolithography, is then used to 
produce a set of moulds over which a clear polymer is thermoformcd to produce the 
finished aligner. Each patient requires a different aligner every two weeks to gradually 
correct the position of the teeth. This need for complete customisation and quick 
production makes it an ideal application of RM. Outside of the commercial market 
RM is also often used to create one-off highly customised parts. These include: 
Formula I car aerodynamic parts, air ducts for fighter jets, measuring equipment for 
space, tank gun sight camcra mounts and submarine replacement parts (Wohlers 
2004). 
There are many different processes encompassed under RM. While the principle of 
additive, layer based fabrication is common between all processes, the different 
approaches each have advantages and limitations for different applications. 
Commonly available RM processes can be broadly classified by the pre-processed 
form of their bulk material (powder, liquid or solid). 
Powder based processes sinter or bond a powdered build material to produce each 
solid layer of a part. The fabrication of highly complex inaccessible features is 
possible, as they are self supported during manufacture. The requirement for post- 
fabrication powder removal limits the scale to which fine complex features can be 
produced; also a level of accessibility is required to remove hidden powder. 
Liquid based processes solidify a liquid build material, usually a photocurable resin, 
and do not suffer from the same build material removal issues as powder based 
processes. Excess liquid can drain away from within and around complex features. 
This leads to the ability to produce complex structures, with finer void sizes, or 
'pores'. The drawback with liquid based processes is their requirement of separate 
support structures. This limits their ability to produce inaccessible features. 
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Solid based techniques do not selectively solidify areas of a bulk matcrial, but deposit 
and bond together discrete areas of solid material. Therefore the problems associated 
with the removal of unconsolidated build materials within and around features are 
avoided. As with liquid based, solid based processes are not self supporting and 
therefore separate support structures are required for intcmal and overhanging 
features. 
Below is a brief classification of common RM processes: 
Table 2.1: RM process categorisation. 
Powder Based Liquid Based Solid Based 
Selective Laser Sintering Stereolithography Fused Deposition Modelling 
3D Printing Perfactory Jetting 
Laser Engineered Net Shaping Objet Laminate Manufacturing 
Each process is described below, including their advantages, disadvantages and the 
implications of their individual fabrication and material characteristics. The direct 
comparison of publicised process performance -values can 
be unfair and unwise; the 
manufacturer's specifications relating to processes characteristics such as build speed 
can be misleading, as they are often dependent on many different parameters (Grimm 
2004). The aim of this review is to ascertain the potential of each process in producing 
acoustic absorbing structures: Porous topologies for porous absorption, cavity and 
orifice combinations for resonant cavity absorption, and limp membranes for resonant 
membrane absorption. 
2.3.1 Powder Based Processes 
Selective Laser Sintering (SLS) uses a scanning laser beam to selectively solidify a 
single layer of material. The build material is a polymer coated powder which is held 
just below the polymer's glass transition temperature and melted using the additional 
energy supplied by the laser. Once a layer has been solidified the build platform is 
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lowered by the depth of one layer and recoated with powder using a counter rotating 
roller, depicted in Figure 2.10. In the RM family of processes, SLS has the largest 
range of materials available (Pham, Dimov & Lacan 1999). The range of materials 
and the excellent material properties that can be produced are the most attractive 
properties of SLS. Parts can be produced using nylon, elastomer, sand and even metal 
based powders, and can be made up to 380 x 330 x 455 mm. (length x width x height 
(xyz)) (Wohlers 2004). As the process is self supporting there is no need for a 
separate support structure. This allows parts with internal features to be produced. It 
also reduces post processing, although the powder removal of large complicated parts 
can be very arduous. Build speed is dependent on: part volume, part height, layer 
thickness, build material and post process de-powdering time. The fabrication speed is 
similar to that of Stereolithography; however the careful control of the powder 
temperature and the long cool down period consequently increases part production 
time. Feature sizes down to 0.5mm can be fabricated (3D Systems Inc 2001b); 
although inaccuracy can be introduced through shrinkage during sintering which does 
not always occur in a uniform manner. Also the produced parts must be evenly cooled 
to room temperature to avoid warping. The material in which the parts are built, the 
part orientation, and the part size and geometry also have a significant effect on part 
accuracy. Often these dimensional errors can be anticipated and reduced by making 
modifications to the CAD model (Pham, Dimov & Lacan 1999). The suitability of 
using the SLS process to fabricate acoustic absorbing structures and topologies is 
summarised in Table 2.2. 
31 
Table 2.2: Suitability of SLS applied to acoustic absorption 
Absorption Method Process Suitability 
Powder removal problems associated with small 1eaturcs and 
Porous Absorption moderate accuracy may make It unsuitable 1`01- PrOdUCIng 
Intricate voids required for porous absorbing structures. 
The ability to produce Internal 1eaturcs without separate 
Resonant Cavity 
SLI 
. 
pport structures could allow resonant absorber structures 
with complex cavities. Tile presence of'rcsidual powder and 
Absorption 
the rough micro surtace finish may lead to Increased viscous 
resistance as air passes over tile material. 
The elastomer material may allow the Fabrication of' a 
Resonant Membrane flexible membrane, however tile minimum thickness that 
Absorption could be feasibly fabricated may add excessive membrane 
weight, inhibiting its response to acoustic excitation. 
Scanning ni 
N. i T, -ir, -l I E-i 
I 
-\ _) 
Figure 2.10: SLS process. ' 3 
3D Printing uses well established inkjet technology to selectively deposit a liquid 
binder onto a base powder. The work platform is then lowered and recoated vvith 
powder, in the same way as the SLS process, before the next layer is consolidated. A 
process schematic is shown in Figure 2.11. Plaster. starch and sandIcerainic powder 
formulations are available. Commercially available machines have build sizes up to 
400 x 500 x 600mm (xyz) (Wohlers 2004), and offer a binder deposition resolution of 
Taken from The University of Northern Iowa 
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600 x 530 dpi (Z Corporation 2006). Colour parts can also bc produccd using 
coloured binders. Ranges up to 16,000,000 colours can be produced, allowing 
complicated colour schemes, textures, labels and mark ups to be added to parts (Dean 
2005). The produced parts are generally very fragile and require infiltration with 
Cyanoacrylate, Epoxy, Elastomer or Wax to produce full strength parts. Infiltration 
can prove difficult for internal inaccessible features, and the relatively low strength 
parts may not be suitable for demanding environments. The major advantages of 3D 
printing are its use of off-the-shelf components, the high build speed, and the low cost 
of the machines and materials. The build speed is mainly dependent on layer thickness 
and part height, but is also affected by binder drying time, post process de-powdering 
and infiltration (Grimm 2004). The simplicity of the process allows it to be easily 
scaled up, exemplified by the 1500 x 750 x 750mm (xyz) build volume of the Generis 
GmbH 3D printer which is used to produce large sand casting patterns. The suitability 
of using 3D printing to fabricate acoustic absorbing structures and topologies is 
surnmarised in Table 2.3. 
Table 2.3: Suitability of 3D printing applied to acoustic absorption. 
Absorption Method Process Suitability 
The minimum feature size and problems with powder 
removal make this process unsuitable for producing fine 
Porous Absorption porous structures. However, post process infiltration of the 
fabricated parts requires a level of material porosity which 
could be acoustically significant. 
As with SLS, the unbound powder acts as a support 
Resonant Cavity structure, allowing nested and overhanging features suited to 
Absorption the potential fabrication of complicated resonant absorber 
cavity designs. 
The elastomer infiltrant allows flexible parts to be produced, 
Resonant Membrane but like the SLS process, the minimum thickness and 
Absorption associated weight of a fabricated membrane may prevent 
significant acoustic excitation. 
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Figure 2.11: 3D printing process. 14 
Laser Engineered Net Shaping (LENS) is a fabrication process that produces fully 
dense metal parts. The process uses a high power laser to create a small melt pool "'to 
which metal powder is iRlected by means of a carrier gas blown out of' a series of' 
nozzles surrounding the laser-, tile process schematic is depicted in Figure 2.12. Tile 
nozzles are directed such that the blown powder converges at the same point as the 
laser beam. The substrate onto which the material is deposited moves relative to tile 
laser allowing selective deposition of thin discrete lines of material (Keicher, Miller 
1998). These are built up layer by layer to produce tile solid part. This makes tile 
LENS process different to other powder based processes which rely oil selective 
solidification. Deposition positional accuracy of +0.25"inin and material deposition 
rates LIP to 0.5 kg h-' can be achieved, in a maximum build envelope ot'900 x 1500 x 
goomm (xyz) (Optomec 2007). Enclosed voids can be produced within solid 
structures which could enable the fabrication of internal resonant absorber features, 
without powder removal issues. The poor accuracy and rough surface finish produced 
often leads to the requirement of post process machining to achieve tile intended 
geometry, reintroducing the need for tool clearance and limiting the design freedom. 
The method of powder delivery allows the material to be changed during tile 
fabrication of a part. This introduces the possibility of functionally graded materials 
enabling the customisation of a part's material properties. The localized licating 
properties of the laser produces a fine grain structure, which improves material 
strength and ductility (Keicher et al. 1998). This would allow any acoustic geometry 
produced to be used in harsh, high temperature environments such as exhaust systems, 
" Taken from The University of Northern Iowa (-). 
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[ ollo 
although the complexity ofthe process can lead to very high part COStS. The Suitability 
of using the LENS process to fabricate acoustic absorbing, structures in(] topologies is 
summarised in Table 2.4. 
Table 2.4: Suitability of LENS applied toacousticd),, orption. 
Absorption Method I Process Suitability 
Porous Absorption 
The requirement for post processing restricts the fabrication 
of intricate features required for porous absorption. 
Resonant Cavity I The post process requirement also restricts the ability to 
Absorption I'abricate enclosed resonator cavity geometries. 
Resonant Membrane The stifffiess of' produced parts makes it unsuitable Im the 
Absorption I fabrication of membrane absorbers. 
B. ii 
0 a-. 
t 
2.3.2 Liquid Based Processes 
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ia", beý 
%%cwted polole 
ý- I ý- at I. 
Stereolithography (SLA) uses a scannim, laser controlled by galvanometer mirrors to 
selectively cure a liquid photo-curable polymer resin (usually an epoxy) one layer at a 
time. The build plad'orm is lowered by the depth of one layer, and then rccoated "vith 
the photopolymer before the next layer is selectively cured. this is shown 
'5 Taken from The University of Northern lowa (-). 
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Figure 2.12: LENS process. 1,; 
schematically in Figure 2.13(a). Post curing is required to complete polymerisation. 
The diameter of the laser beam is typically 0.23 - 0.28mm (31) Systems Inc 2003), 
and parts can be made up 500 x 500 x 600mm (Wohlers 2004). The build speed is 
dependent on the part volume, build height, layer thickness, build style, build 
material, post curing time, and cleaning / support removal (Grimm 2004). The high 
throughput and accuracy of the Stereolithography process are its main advantages, 
potentially allowing fine features and voids to be produced. However the liquid based 
build material requires the fabrication of separate support structures for overhanging 
features. One development of the support structure is the build strategy known as 
QuickCast 2.0. This strategy was developed to produce collapsible parts suitable for 
use as a sacrificial pattern for the investment casting of metals (Hague, D'Costa & 
Dickens 2001). It consists of a solid outer shell and a hexagonal internal porous 
network which requires no supporting, and is shown in Figure 2.13(b). 
The virgin build material is expensive and has a limited shelf life due to its photo 
reactive properties. It is also very susceptible to moisture ingress; therefore the 
machines and the resin must be kept in a controlled environment. During the recoating 
process, when the blade sweeps across the vat of resin, it is very difficult to make the 
blade remove the exact amount of resin from the part and leave exactly one layer 
thickness on it. This can result in layers which are either too thick or too thin, 
affecting the accuracy of the product. Also parts that have trapped volumes can cause 
problems when recoating if it is not performed in a proper way; inaccurate layer 
thickness can lead to adjacent layers not attaching to each other because the created 
layers are too thick, or if the parts are built too high, the blade will hit the part during 
the scraping operation (Renap, Kruth 1995). The suitability of using the 
Stereolithography process to fabricate acoustic absorbing structures and topologies is 
summarised in Table 2.5. 
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Table 2.5: Suitability of Stereolithography applied to acoustic absorption. 
Absorption Method Process Suitability 
The liquid based build material can easily be drained leaving 
air saturated inclusions; also the ability to produce fine 
features may allow the fabrication of porous topologies 
exemplified - by the Quickcast build strategy. However, 
unlike powder based processes the solidified structure is not 
Porous Absorption 
supported by the surrounding material and therefore supports 
would have to be constructed during the build to support 
overhanging features and removed in post-processing. This 
places restrictions on the type of pore geometry that could be 
produced. 
The requirement for support structures restricts the ability to 
fabricate enclosed cavity volumes; however a sparse support 
Resonant Cavity structure may be able to be considered acoustically 
Absorption insignificant. Also the recoating issues associated with 
trapped volumes may present complications when 
fabricating resonator cavities. 
Stereolithography allows the use of a soft-durometer flexible 
Resonant Membrane material with good post process strength; this coupled with 
Absorption the thin layer thickness introduces a possible application to 
membrane absorbers. 
37 
LJS6 
(a) (b) 
Figure 2.13: (a) Stercolithography process 16 (b) QuIckCast 2.0 build strategy. '- 
Perfactory uses a similar photo-curable resin to that used in the StereolithographN 
process. The major difference is that the light source is not a single point laser, but 
rather a projected image of the entire cross section ofthe layer being solidified. Tills 
is achieved using a digital micromirror based oil the Digital Light Processing (DLP) 
chip from Texas Instruments. This consists of a rectan. gular array of digitally 
controllable micro-mirrors that can each prQject a single pixel of' li. ght, depending oil 
their orientation (Dudley, Duncan & Slaughter 2003), schematically depicted in 
Figure 2.14. A voxel (volumetric pixel) size of 0.086 - 0.136mm is possible using tills 
highly accurate cross section solidification method, also the time taken to defille a 
single layer is less than the laser point scanning strategy of SLA. Parts call be build lip 
to 20mm h-1 in the vertical z direction (for 0.1 mm layer thickness), . vith a maximurn 
build size of 190 x 142 x 230mm (xyz) (Envisiontec GmbH 2007). Another 
fundamental difference over SLA is that the layer being cured is at tile bottom ofthe 
resin vat, and when solidified is lifted up by the build platform above. This allows 
accurate layer thickness to be maintained and also eliminates the recoating problems 
associated with Stercolithography. The straight forward layer increment method and 
whole layer exposure, leads to a fast process time and very accurate featurcs. A 
requirement for support structures limits the types of features that can be produced. 
The relatively small build envelope, small machine size, case of use. and tile high 
Taken from The University of Northern Iowa 
Taken from R. Hague (2001). 
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detail that can be achieved have made this process very popular with jewcIlcry 
manufacture, but this would restrict it to making, si-nall acoustic components. The 
suitability of using the Perfactory process to fabricate acoustic absorbin, 4 structurcs 
and topologies is summarised in Table 2.6. 
Table 2.6: Suitability of the Perfactory process applied to acoustic absorption. 
Absorption Method Process Suitability 
The high accuracy of the process and the sniall I`cawre size 
that can be produced making it capable of' fabricating the 
Porous Absorption 
fine geometries and volds associated porous absorbers, 
although support structures are still required. 
The recoating strategy alleviates the problems associated 
with trapped Volumes, therefore making the fabrication of 
Resonant Cavity 
enclosed resonant cavities more feasible. I lowever the 
Absorption 
requirement for support structures may Innit the fabrication 
of internal cavity features. 
Resonant Membrane The stiffness of produced parts makes it unsuitable for the 
Absorption fabrication of membrane absorbers. 
Figure 2.14: Perfactory digital micromir-ror. " 
Objet is a type of jetting that selectively deposits uncured photopolviner using a 
specialist inkjet print head with 1536 nozzles, specifically designed to jet 
photopolymer materials (Wiencke-Toutaoui, Gerber 2003). The use of well 
" Taken from Dudley et a] (2003). 
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established inkjet technology offers an accuracy of 0.1 - 0.3mm, allowing walls down 
to a thickness of 0.6mm. to be fabricated (Objet Geometries Ltd 2007). The deposition 
head sweeps back and forth across the build area on a gantry, depositing the resin to 
form the desired layer. The deposited photopolymer is immediately solidified by a 
constant ultraviolet light source attached to the printer head. Once a single layer is 
completed the build platform drops by the thickness of one layer before fabricating 
the next layer. A process schematic is shown in Figure 2.15. Like the LENS process, 
Objet differs from other liquid based processes in that it can be considered a selective 
deposition method rather than a selective solidification method. This removes 
problems associated with material draining and trapped volumes. Support structures 
are required for overhanging features, removal of which can increase post processing 
time; however the process allows two different materials to be jetted during the build, 
allowing the deposition of a separate gel based support structure which can be easily 
washed away. Deposition rates up to 20mm h" in the vertical z direction are possible 
in a maximum build volume of 490 x 390 x 200mm (xyz) (Objet Geometries Ltd 
2007). The suitability of using the Objet process to fabricate acoustic absorbing 
structures and topologies is surnmarised in Table 2.7. 
Table 2.7: Suitability of the Objet process applied to acoustic absorption. 
Absorption Method Process Suitability 
The requirement for support materials limits the ability of 
this process to produce fine porous topologies. Gel based 
Porous Absorption 
supports may alleviate some support issues, although 
removal from fine porous structures could prove difficult. 
The deposition based fabrication method alleviates problems 
associated with drainage and trapped volumes from within 
Resonant Cavity 
cavity absorbers, although the requirement for support 
Absorption 
structures may limit the fabrication of internal cavity 
features. 
The soft rubber-like Tango, build material allows the 
Resonant Membrane fabrication of flexible parts. The thin layer thickness would 
Absorption allow the fabrication of thin membranes, although membrane 
strength may be an issue. 
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FIgUre 2.15: Oýjet Process. 19 
2.3.3 Solid Based Processes 
Fused Deposition Modelling (FDM) is a small scale process that extrudes a 
continuous filament of material through a heated extrusion head. Tile head scans over 
the work area selectively depositing material where required as shown in Figure 
2.16(a). The most commonly used materials are Acrylonitrile Butadiene Styrene 
(ABS) or Polycarbonate (PC), however any material that is capable of flowillO 
through the head when hot and solidify \\, hen cooled can be used, including metal and 
ceramic slurries. Tile use of these common engincering materials results in highly 
resilient parts which can be used for functional testing and end use products. Tile 
deposition accuracy is ± 0.127rnm and the maximum build size currently available is 
914 x 610 x 914 mm (Stratasvs Inc 2007). The process is relatively quick. laying 
filament tracks at a rate of 23m min-1 (Steen 22003); although ultimately tile overall 
production speed is dependent oil the part volume, raster width, laycr thickness and 
tile time taken for support removal (Grinim 2004). The process requires a moderately 
high amount of post processing; as with other deposition based methods, a Support 
structure is required for overhanging features. The extrusion head has a second nozzle 
that deposits the support material, which consequently has to be removed by hand. 
however water soluble support material is available. Also because of the rough 
Taken from AMT Korea (2004) 
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deposition of the filament, sanding is often required to produce a surface finish 
comparable with other RM processes. Material properties are very close to those of 
the parent material, making parts suitable for functional testing; however because of 
the fabrication method, material anisotropicity is inevitable and can lead to 
delarnination of adjacent layers (Ahn et al. 2002). The process software allows the 
spacing between adjacent filaments, and the filament thickness to be varied. This 
approach has previously been utilised for the development of biomedical tissuc 
engineering, bone scaffold structures (Leong, Cheah & Chua 2003, Too 2002). The 
suitability of using FDM to fabricate acoustic absorbing structures and topologies is 
summarised in Table 2.8. 
Table 2.8: Suitability of FDM applied to acoustic absorption. 
Absorption Method Process Suitability 
The raster deposition method using fine extruded filaments 
could itself hold inherent porosity which could be exploited 
for porous absorption. Changes to the process parameters 
Porous Absorption 
relating to the raster width (RW) and raster spacing (RS) 
(Figure 2.16(b)) may allow a porous absorbing acoustic 
topology to be produced. 
The accuracy, support requirement and finishing may limit 
Resonant Cavity 
the ability of FDM to fabricate fine details within enclosed 
Absorption 
resonant absorber cavities. 
Resonant Membrane The stiffness of produced parts makes it unsuitable for the 
Absorption' fabrication of membrane absorbers. 
42 
Ra%wi-spa(mg (RS) 
L, Ith iRIf 
(a) (h) 
Figure 2.16: (a) FDM Process 20 (b) FDM raster parameters. 
Jetting is another process that utilises peizo electric deposition devices common to 
inkjet printer technology. There are some subtle differences between different 'cIti 1-ý j ing 
process manufacturers. One approach is the selective deposition of' molten wax, 
thermoplastic or thermoset polymers followed by incremental lowering of' the build 
platform. Vertical accuracy can be maintained by sweeping a heated roller across tile 
platform after each laver is deposited. The deposition devices offer a volunictric 
resolution up to 300 x 400 x 600 dpi (3D Systems Inc 2001a), and parts produced 
using these methods can be made up to 900 x 300 x 300 min (xyz) (Wohlcrs 2004), 
and are less accurate than Stereo] ithography or laser sintered parts. The processes 
require the construction of support structures, which have to be removed during post 
processing and often leave behind witness marks on the part. The removal of support 
structures coupled with low accuracy and poor part strength makes jetting only really 
suited to producing visual prototypes. Wax parts can be used as invcstment casting 
patterns for one oft- castings. The suitability of using Jettilig to fabricate acoustic 
absorbing structures and topologies is surnmarised in Table 2.9. 
Taken from The University of Northern Iowa (-) 
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Table 2.9: Suitability of Jetting applied to acoustic absorption. 
Absorption Method Process Suitability 
The poor fabricated part properties and accuracy, couplcd 
Porous Absorption with the requirement for support structures makes jetting 
unsuited to producing porous topologies. 
Simple resonant cavity shapes could feasibly be fabricated 
although the final part properties would limit its application 
Resonant Cavity 
and realistic use. The process could howcvdr, produce 
Absorption 
investment casting patterns for the production of highly 
resilient basic resonant absorber shapes. 
Resonant Membrane The fragility of fabricated parts makes them unsuitable for 
Absorption use as flexible membranes. 
Laminate Manufacturing is a very basic layer based additive process which can be 
summarised as the stacking of cut sheets. Common materials used include paper, 
metal, polymers and ceramics. The Laminated Object Modelling (LOM) process uses 
paper backed with a polymer adhesive which is bonded to the build platform using a 
heated roller. The profile of the specific layer is cut using a scanning laser before the 
platform is lowered and the next layer bonded to the build platform, as depicted in 
Figure 2.17. This in an inherently slow process but is capable of cutting each paper 
layer at an accuracy of ±0.127mm (Chua, Leong & Lim 2003). Unlike the other solid 
based processes the build material surrounds the part being fabricated and is hatched 
to aid the removal of the final part. This prevents the fabrication of any inaccessible or 
enclosed features that inhibit the removal of the unwanted surrounding material. The 
largest laminate manufacture machine is the Kinergy Zippy II which has the largest 
build volume of any commercially available Rapid Prototyping / Manufacturing 
machine at 1180 x 730 x 550mm (xyz) (WohleTs 2004). The difference in the x, y 
build dimensions of this and other processes reflects the envelope of typical prototype 
geometries. Another similar laminate manufacturing system applies the adhesive layer 
as a photocopier toner and uses a knife to cut the layers. Paper parts are susceptible to 
damage by permeating moisture; therefore it is necessary to seal the part during post 
processing. This coupled with the removal of the unwanted material can lead to long 
post processing times. The paper based parts also have poor mechanical properties, 
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and are more suited as proof of concept models than Cor functional testing. The 
advantage of LOM parts is their insusceptibility to shrinkage and \, varping (Mll-,, ' I Is, 
Dornmauskas 2003). Metal laminate systems use ultrasonic consolidatioll to bond th"i 
layers of' metal tape together, and contour milling to shape each layer. The sultabilltv 
of using laminate manufaCtUring, to fabricate acoustic absorbing structurcs and 
topologies is summarised in Table 2.10. 
Table 2.10: Suitability of larninate manufacturim, applied to acoustic absorption. 
Absorption Method Process Suitability 
The problems associated xith IVMOVIII. Lý Support material 
Porous Absorption from around 1eaturcs would inhibit the ability to produce a 
fine, open porous structure. 
Similarly the support material issues would restrict (lie 
Resonant Cavity 
fabrication of resonant cavity absorbers to very basic 
Absorption 
configurations. 
A single, unmodified sheet could be considered as a 
Resonant Membrane 
membrane, although removal ofthe Limvanted material from 
Absorption 
any associated cavity would still be an issue. 
Banccf 
Figure 2.17: LOM Process. 21 
2' Taken from The University of Northern Iowa (-) 
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2.3.4 Rapid Manufacturing for Acoustics 
Sound propagation, within solid structures is largely dependent on the mass of the 
structure, therefore the added capabilities offered by RM may not be fully utilised in a 
structure borne propagation application. The frequency regions where structure bome 
propagation is controlled by coincidence and resonance effects are depcndcnt on the 
damping within the structure, as well as the structure mass. Damping to vibrations 
within a solid structure could be added through geometric modifications that reduce 
resonant panel modes through the use of non homogenous constructions. 
The employment of RM to airborne sound reduction offers broader application 
potential as geometry plays a more important role in acoustic absorber design and 
performance. The design freedom, and flexibility of rapid manufactured parts offers a 
method of introducing freedom and geometric control to the design of acoustic 
absorbers. Resonant cavity absorption relies on simple geometric shapes to achieve 
the resonant effect; however large absorption bandwidths can only be achieved 
through the incorporation of separate resistive materials or through the use of accurate 
sub-millimetre perforations. RM offers a method to produce acoustic resonant 
absorbers with levels of design freedom not previously viable, potentially allowing 
improved resonator design development, and alternate methods of adding acoustic 
resistance. The selective solidification/deposition of material and ability to produce 
internal, inaccessible features offers the potential to allow fabrication of porous 
absorbing structures. Similarly the exploitation of certain process fabrication 
characteristics, may present an alternative method of producing porous topologies. 
'Me minimum feature size of the majority of processes restricts the thickness of any 
fabricated membrane; this makes them an unsuited method of absorption for 
fabrication using RM. The potential for the application of RM to porous and resonant 
cavity absorption suggests that an investigation exploring the above aspects may lead 
to novel acoustic absorbers, with potential for performance benefits or added value. 
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2.4 Conclusions 
The use of acoustic absorption to reduce nuisance noise and control the acoustic 
environment within an enclosure is a well studied area of research. However, the 
fundamental manufacturing technology behind the majority of current acoustic 
absorbing solutions has remained unchanged for decades. The exception to this is the 
microperforated panel, which has its own set of manufacturing complications. 
Traditional porous absorbing materials offer a simple method of absorbing high 
frequency sound. Their fabrication, methods produce non uniform pore sizes and 
shapes, leading to uncertainties in their acoustic performance prediction, and material 
characterisation. Bulk material properties can become predictable and repeatable after 
empirical measurements of a single sample, although prediction using material 
configuration characteristics alone is not possible. 
The manufacture of resonant cavity absorbers used to address more problematic lower 
frequencies often relies on the drilling of holes in sheet material, and the basic 
fabrication of enclosures using traditional techniques. These simple designs usually 
require the addition of porous materials in order to operate efficiently and produce a 
wide bandw idth of absorption. The use of these material types is not desirable for 
many applications, leading to the requirement for single material, or fibreless 
absorbers. 
The design of resonant cavity absorbers has been restricted by traditional 
manufacturing methods, and consequently research into their geometrical 
configuration has been limited. The microperforated panel is an example of how 
resonator construction can be modified to increase the acoustic resistance within the 
resonator neck, and produce a broadband absorber. However, its design is 
fundamentally the same as that of regular resonant cavity absorbers. 
RM processes introduce a range of technologies capable of producing complicated 
geometries with ease, thus opening up considerable design freedom to the engineer or 
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designer. While limitations still exist, the 
' 
se technologies could be used to manufacture 
enable acoustic absorbers that exploit geometry. 
The scale of the sub-millimetre interconnected features required for cffective porous 
absorption (around 100 microns) is beyond the feature size limits for all but the finest 
of current RM processes (e. g. Micro Stereolithography (Bertsch et al. 2000)). Also the 
inaccessibility to the enclosed pores would make the removal of any support type 
difficult. 
it may be possible to produce porous topologies through the cxploitation of inherent 
material porosity within un-infiltrated parts produced using the 3D printing process. 
Alternatively the build characteristics of the FDM process can be modified to produce 
a porous structured weave pattern. This could lead to a method of producing a 
configurable porous absorber with predictable absorption characteristics. 
The fabrication of the larger feature sizes of resonant cavity absorbers is feasible 
using most RM processes. However if resonator design is to be explored then 
processes that allow the easy removal of support material from internal cavities and 
between small features (powder based processes, or those with dissolvable supports), 
will be preferable over methods requiring more manual support removal methods, and 
extensive post processing. 
This research will focus on the application of RM to resonant cavity, and porous 
absorption. The potential RM fabrication advantages identified, allow an investigation 
into resonant absorber geometry, and porous absorber topology. 
48 
Chapter 3 
Absorber Theory and Modelling 
Acoustic absorption of the lower frequency range presents a more challenging 
problem than higher frequencies due to the size of the wavelengths involved. There 
are issues relating to the size, material use and manufacturability of current low 
frequency absorbers. Helmholtz resonant absorbers offer compact low frequency 
absorption; however satisfactory performance levels can only be achieved through the 
addition of porous materials which may be undesirable, or by introducing highly 
accurate, small features which lead to manufacturing difficulties. These difficulties 
are often prohibitive and so the geometry of Helmholtz resonators is generally based 
around the traditional configurations described by Rayleigh (1945) and Ingard (1953). 
Rapid Manufacturing (RM) processes overcome traditional fabrication limitations and 
introduce the possibility of producing complex shapes and millimetre sized features. 
The geometry of the Helmholtz resonator is therefore an area of research with 
potential for improvement using the design freedom offered by RM. 
Parts built using RM processes are often slightly porous due to the selective 
solidification / deposition, and layer based fabrication. Some fabricated materials are 
inherently porous to allow post fabrication infiltration with strengthening agents. The 
fabrication of specific porous topologies may be possible using highly accurate 
processes, or by modifying certain process parameters. An investigation into the 
possibility of porous absorption using porous properties produced using RM is 
therefore a further area of potential research. 
To allow the development of an infort-ned investigation this chapter expands on the 
background theory of resonant and porous absorbers from the previous chapter. The 
existing theory and research developments relating to each absorption method are 
discussed and the important characteristics and physical variables are determined. 
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3.1 Helmholtz Resonator Theory and Modelling 
Helmholtz type resonant cavity absorbers are by no means a new method of absorbing 
sound energy. They have been the subject of mathematical and experimental study 
since the early part of the 20t" century. It has even been claimed that they have been 
used in the form of vases in ancient Greek and Roman theatres, to improve sound 
quality. They are still used extensively to control room acoustics, and also as mufflers 
within Heating Ventilation and Air Conditioning (HVAC), vehicle exhaust and 
induction systems, (Munjal 1987) and even to improve the transmission loss of double 
glazed windows (Mason, Fahy 1988). 
Regarding a Helmholtz resonant absorber using the lumped element approximation, 
the resonant system can be considered analogous to a one-degree-of-frccdom mass 
attached to a spring. The air within the cavity of volume V (m) acts as a spring (with 
no mass), and the plug of air in the neck acts as an oscillating mass. This basic 
configuration is shown in Figure 3.1. The equations that foliow elaborate from the 
basic Helmholtz resonant frequency introduced in the previous chapter. 
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Figure 3.1: Cross section through a typical cavity resonator. 
The equation giving the resonant frequency. /,. (I lz), of a mass-spring oscillator is, 
q 3.1 
where s (N m-') represents the spring stiffhess and Al (kg) is the inass. The equivalent 
stiffness of the air within the cavity of a Helmholtz resonator can be sho,, vn to be 
(Kinsler et al. 1982), 
l' 
Eq 3.2 
I 
where S (m-) is the cross sectional area of the neck. The mass of' the air ý, vithm a 
simple cylindrical neck with neck length / (m), is given by, 
Af = psl, Eq 3.3 
then substitution gives the resonant frequency, 
sl 
c 
2; r 
Eq 3.4 
A correction factor is often added to I to account for air movement around the two 
orifices of the neck. If both inner and outer ends of the neck can be considered to be 
flanged then the neck end correction, Al (m) is, 
Al = 2(0.85a), Eq 3.5 
where a (m) is the neck radius. 
The open end of the neck can be considered to radiate sound into the surrounding as 
an open ended pipe does, so consequently has a related radiation resistance R, 
(N S nf) ofý 
pc 
k 2S2 
2; r 
Eq 3.6 
where k (-) is the wave number equal to co/c, and (o (rad s-') is the angular frequency. 
An incident sound wave of amplitude P (N m-2) produces and instantaneous complex 
driving force F (N) on the resonator opening, 
F= SPe'", Eq 3.7 
which leads to a differential equation relating to the displacement 4 (m) of air in the 
resonator neck, 
M -ý! + Rr 
dý 
+ sý = SPe'" Eq 3.8 dt 2 dt 
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representing this in terms of volume velocity U (M3 s"), and volumctric displacement 
. 
X(m3) where, 
U= dY =Sdý Eq 3.9 dt dt 
yields, 
Md2X dX = S2pe ias. 
d, i-+R, -+sX 
Eq 3.10 
dt 
Assuming that X=X,, e'ojt and U=U,, e"' allows a simplification to, 
_ C02Affý + icoR,, Xo + sX. = S2p, Eq 3.11 
. 
(N s m7), and allows substitution to achieve an expression for acoustic impedance Zc 
Pe'" R,. 
.Ms zac == ý7 + lw-ý7 u 
Eq 3.12 
Simplifying and substituting the fundamental terms back in brings the final expression 
for acoustic impedance (including neck length corrections), 
pck 
2( wp(l + Al) PC2 
Z"c = 2; r 
" 
+1 (s- cov). 
Eq 3.13 
The acoustic impedance exhibited by a surface of area S is the complex quotient of the 
acoustic pressure at the surface divided by the volume velocity at the surface (Kinsler 
et al. 1982). A complex value of impedance is used as the maximum air flow of the 
oscillating motion of a sound wave, may not occur at the same time (same phase) as 
maximum pressure. The first term is the real part of the equation and represents the 
acoustic resistance of the resonator. The second imaginary term represents the 
reactance. 
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The specific impedance Z (N S rn-3) can be calculated by multiplying through by S, 
4 
pck 
2S 
c 
PC2S 
Z=-+i vpQ + Al) - Eq 3.14 2; r cov 
The expression for impedance above is a simplistic lumped element approximation 
and ignores some additional physical effects including resistance attributable to 
viscous losses at the surfaces of the neclr- Consequently the resistive term is generally 
an underestimation. An expression for the viscous resistance R, (N S M, 3) was derived 
by Ingard (1953), 
R, = 4-2i7pco -I 
a 
(I + 2a), Eq 3.15 
where q (kg rds") is the dynamic viscosity of air. 
Ingard (1953) also presented a more complete expression for the mass end correction 
AL The end correction associated with the inner orifice Ali differs from the external 
end correction Al, as it radiates into the confined cavity space and not into an infinite 
medium as previously considered. Al, can be simply defined as 0.85a, and 
Ali= 0.85a I-1.25 
2a), 
Eq 3.16 
where D (m) is the equivalent diameter of a cylindrical cavity of volume V. 
A more accurate description of the acoustic impedance, including viscous losses 
within the neck, and improved mass end correction factors then becomes: 
pck2S + ý2--ij 
Eq 
, pwl(1+2a) 
+i[cop /+(0.85a+0.85a 1-,. 2, 
ý, a)))-ýLS] Z[2; 
r aDv 
IV3.17 
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The left hand side of the real term represents radiation resistance, where the right hand 
term describes viscous internal resistance. The first term of the imaginary reactive part 
of the equation is equivalent to the acoustic inertia (mass reactance), and the last term 
represents the cavity stiffness. 
it can be seen that by changing the relative dimensions of the neck and the volume of 
the cavity, the resonators can be tuned to different frequencies. The amount of 
resistance and reactance (impedance) is also affected by the neck dimensions and 
cavity volume. 
When the resonator is excited by a sound wave whose frequency matches the natural 
frequency of the resonator, large oscillations of the plug of air within the neck occur. 
The movement of the air against the walls of the neck produces heat via viscous 
friction, providing a conversion of sound energy into heat, thus producing acoustic 
absorption. The absorption coefficient a (-) at the opening of the resonator neck for 
normal incidence can be calculated from impedance using, 
a=l. 
Z-pc 2 Eq 3.18 
Z +, oc 
The bandwidth over which the absorption curve spreads is determined by the amount 
of acoustic resistance present within the resonator. A small amount of resistance 
produces a sharp absorption curve only effective over a narrow frequency range, 
where a higher degree of resistance increases the effective bandwidth but can decrease 
the maximum absorption value. Figure 3.2 shows the effect of adding resistance to a 
simple single resonator test configuration. The curves were pioduced using Eq 3.17 
and Eq 3.18 with environmental parameters relating to room temperature and one 
atmosphere, and resonator physical parameters: I=0.015m, a=0.0075m, V= 
0.000494486m3. The units of acoustic resistance are the pascal-second per meter (Pa s 
rn-1), but can equivalently be given in MKS Rayls or newton-seconds per cubic meter 
(N s m73). Resistance can be expressed as. an absolute value or relative to the 
characteristic impedance of air Zo = pc as is the case in Figure 3.2. 
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Figure 3.2: The effect of adding acoustic resistance. 
It can be seen that when the level of resistance is very low, the addition of further 
resistance will increase both the peak absorption and absorption bandwidth. When the 
resistance is comparable with the characteristic impedance of air (Zo), absorption is 
complete. After this point only bandwidth increases occur, and the peak absorption 
value drops. 
The amount of resistance governed by the radiation resistance and viscous losses 
within the neck are often less than the characteristic impedance of air, resulting in low 
absorption values and poor bandwidth. Resonator resistance can be increased by the 
addition of a porous material applied to the neck or cavity. This allows the total 
amount of resistance and hence the absorption to be tailored to suit the intended 
application. The addition of resistive material inside the neck, or within one neck 
diameter can be modelled as an additional resistance term in the impedance equation, 
however porous material situated further within the cavity usually requires a more 
complete solution using a transfer matrix (Cox, D'Antonio 2004). It is becoming more 
desirable to reduce the use of these separate resistive materials as they are generally 
hard to recycle and can cause health issues by releasing fibres into the air. Their 
inherent fragility restricts their use in physically or harsh surroundings, and they can 
be hard to clean (Fuchs 2001). 
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Many common applications of resonant absorbers come in the form of perforated 
panels backed by an air space as depicted in Figure 3.3. These configurations offer 
very simple construction and their response is similar to that of a single resonator. 
2a x 
Figure 3.3: Perforated panel resonator cross section. 
For this design the equivalent cavity volume V is the proportion volume of the air 
space that-can be considered attributable to a single orifice V=X2 d, where d (in) is 
the depth of the air space and x (m) is the perforation separation (the distance between 
adjacent perforations), for a square perforation configuration. 
Theoretical modelling of perforated panel absorbers considers the impedance of the 
panel separately to the cavity air space, allowing the response of simple 
configurations to be easily calculated. The porosity or fraction open area, c (-ý) of the 
perforated sheet is used for convenience where e= m' / x', this is sometimes also 
referred to as the perforation ratio (%). The interaction of neighbouring perforations 
effects the movement of air as it exits each orifice; therefore the orifice length end 
correction value of 0.85 given in Eq 3.5 is no longer valid. A more accurate 
equivalent perforation length Ip (m) including the effects of mutual interactions is 
(Ingard 1953), 
lp =1+2a(0.8(1-1.4c 1/2 Eq 3.19 
The impedance of the perforated layer alone Zp (N s M-3' ) becomes, 
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Zp = 
E( 1+ 1)ý8-qpco + 
i(opl" 
Eq 3.20 
c 2a c 
and the impedance of the backing cavity space Z, (N S M73 )l 
-ipc cot(cod / c). Eq 3.21 
The impedance of the overall structure is, 
Z= ZP +Z,. Eq 3.22 
Using this method, the resonant frequency becomes, 
fl =c Eq 3.23 
c 
21r 
F7P-d' 
3.1.1 Developments in Helmholtz Resonator Design 
The resonator performance theories discussed so far all consider the neck of the 
resonator'to be cylindrical and they consider the cavity to be of arbitrary shape. 
Several authors have investigated the effect of changing resonator geometry. The 
cross sectional shape of the orifice has been shown to be insignificant by Chanaud 
(1994), but its position in relation to the axis of the cavity important. Changes to 
resonant frequency with varying cavity length-to-depth ratio are also demonstrated in 
this work. This effect was investigated further by Selamet (1997) who modelled the 
wave propagation within the cavity (normally considered to be planar) and showed 
that non-planar wave propagation in cavities with small length-to-depth ratios altered 
the resonant frequency, this propagation is demonstrated in Figure 3.4. 
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Figure 3.4: Axial and planar air flow (after Selanict). 
The previously described lumped parameter model produces satisfactorliv accurate 
absorption predictions for concentric resonators with simple, axis-svillinctric cavity 
shapes, without extreme length-to-depth ratio. Alster ( 1972) introduced a cavity I'orrn 
factor to more accurately predict the resonant fi-equency of fundamental, axis- 
symmetric cavity fornis. Sapoval (1997) postulated that tile use of ail irregular. 
prefractal cavity shape would increase resonator damping by a factor Illat was 
dependent on the degree of irregularity of the cavity boundary. with a true 
mathernatical fractal producing infinite damping. 
Changes to the neck geometry have been a more Nvideiv investigated area as tile air i I in 
and around the orifices is faster moving, and consequend-N. holds more potential for 
energy dissipation. The effect of tapering the neck of resonators has been investigated 
by Vigran (2004) and Tang (2005). They reported significant impro%elliclits ill 
absorption coefficient, with deeper tapering lengths producing better improvements in 
sound absorption. They also noted an increase in resonant frequency with increasing 
tapered section slope. 
Sclamct (2003) investigated extending the neck of the resonator into tile cavltv and 
found a lowering of resonant frequency was possible \vIthout increasing the size offlic 
cavity. He also investigated expanding the neck portion within tile cavity into a cone 
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shape, and the addition of perforations to the same section. The conical neck cxhibitcd 
the same effects as reported by the previous two authors. As the perforation 
percentage of the neck increases, the damping decreases, resulting in a higher 
maximum absorption but sharper curve at resonance. The resonant frequency was also 
affected by the presence of neck perforations. 
Arguably the most significant development in neck modification has bcCn the 
introduction of the microperforated panel. This design addresses the problem of 
additional resistance required for broad absorption curves through the use of 
perforations with sub-millimetre dimensions. As the orifice diameter becomes 
comparable to the viscous boundary layer of air (-- 0.5mm) large viscous resistance is 
achieved. This approach removes the need for additional undesirable resistive 
materials' allowing resonant absorbers to be produced from a single material, 
exemplified by the construction of transparent absorbing surfaces (D'Anionio, Cox 
2005). Expressions for calculating the impedance for such constructions have been 
derived from standard resonant absorber theory, extending the applicability and 
accuracy of performance calculations to cases incorporating sub-millimetre features. 
Maa (1998) developed theory for the calculation of impedance for a simple micro- 
perforated panel by considering the sound propagation within a short tube. An 
expression for the impedance of this geometry was taken from the work of Rayleigh 
(1945) considering an average particle velocity over the tube cross section, 
2 J, (k, -, 
r--i)]-l 
ZP = icopi I- Eq 3.24 
[ 
kV i 
where Jo and JI are the Bessel functions of the first kind, of orders 0 and 1, 
respectively, and k, (-) is the perforate constant (the ratio of orifice diameter to the 
thickness of the viscous boundary layer), 
417 
kt = 2alr- , Eq 3.25 ýp 
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Due to the complicated nature of this equation, approximations were made by 
Crandall (1926), simplifying its application to porous materials (k-, <I) and perforated 
plates (kt>10). Maa (1998) developed a further approximation from this work, for the 
intermediate region, applicable to perforated panels with sub-millimetre dimensions, 
Zp = 
3217l kr +iLP-1 k.. 
c(2a)2 46 
Eq 3.26 
k, (-) and k.. (-) are the resistance, and mass reactance coefficients which also contain 
end corrections accounting for viscous resistance over the panel surfaces, and 
additional mass reactance of the air movement around the perforations. 
2 
kr +-2k, 
2a 
Eq 3.27 =[142 2 32 1 
+ 
L2 ]-1/2 
k. =1+ +0.85 
2a 
Eq 3.28 
1 
This expression for plate impedance can be combined with Eq 3.21 and Eq 3.22 to 
give the overall impedance of a microperforated panel absorber, including 
consideration of the significant aperture resistance achieved through the use of sub- 
millimetre perforations. 
Several other authors have utilised micro resonator dimension principles to produce 
further high performing acoustic absorbers. Kang (1999) suggested that a 
microperforated panel produced from a limp membrane material could provide both 
cavity and membrane resonant absorption, and also that a double layer of micro- 
perforated panels, each a different distance from a rigid wall, could substantially 
increase the bandwidth of absorption to produce a broadband absorber. 
Mechel (1994) introduced a thin lateral slot between two plates containing concentric 
resonator orifices, which provided additional resistance. This becomes significant 
with the addition of a limp resistive foil covering the lower neck to make the neck 
impedance comparable to that of the slot, encouraging flow within the narrow slot, 
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thus increasing the viscous energy losses. A similar double orifice configuration is 
proposed by Randenberg (2000) including a narrow sub-millimetre gap between two 
perforated plates, but with the orifices offset. The effective neck path incorporates a 
portion of its length through the narrow slit where high viscous losses provide the 
increased resistance required for broadband absorption. The major problem 
encountered with these micro-dimensonal designs is the accurate fabrication of sub 
millimetre features (Cox, DAntonio 2004, Maa 1998), which also restricts the 
material types that can be used (Fuchs 2000). 
3.2 Porous Absorbing Material Properties 
The important factors affecting porous absorption are explicitly described below and 
lead to a more informed description of how particular RM properties may influence 
the absorption of structures fabricated using RM processes. 
The porosity, or fraction open volume of the material c (-) can be expressed in terms 
of the material bulk density p. (kg nf), and the density of the fibre material pf 
(kg M-3) using the relationship, 
P. ;z (I - C)pf - Eq 3.29 
Flow resistivity has already been identified as an important factor, affecting the 
porous absorption of a material. It is effectively a measure of how easily air can enter 
and flow through the material. The flow resistivity a (Pa s m-2) of a material varies 
greatly between different porous materials types such as fibres, foams, and granular 
materials, and is consequently difficult to predict theoretically. Therefore most 
analytical estimations of flow resistivity are empirically derived, and are specific to a 
particular material type or composition. Bies and Hansen (1980) developed an 
expression for the flow resistivity of fibreglass, 
following extensive empirical testing. 
1.53 
27.3 M- 17 Eq 3.30 T2 
(2, 
of 
f 
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where df (m) is the fibre diameter. 
It can be seen that this can be expressed in terms of material porosity, 
27.3(l _ 6)1.53 
77 
Eq 3.31 I 
f 'ý7 
Similar empirical relationships have been reported by Mechel (2002) considering a 
consistent arrangement of parallel, equispaced, uniform fibres. 
10.5617(l - c)"" 
, for 12: 5 df :5 20 gm, (df /2)263 
and, 
6.8i7(l _ 6) 1.296 
a=-, for 24: 5 df :5 60 (df / 2) 2.6 3 
Eq 3.32 
Eq 3.33 
The case where sound may propagate parallel to the fibres was also considered, 
3.9417 (1 - c) 
1.413 [1+ 27(l _ C)3 
(7- (df /2)26 Eq 3.34 
The tortuosity (or structural complexity) k, 0 of the propagation path through the 
material is inherently difficult to define theoretically. By definition if the pores are 
cylindrical, and all aligned in the same direction the tortuosity is simply related to the 
angle of incident sound Oi (deg) (Zwikker, Kosten 1949), 
k, 
r2 
Eq 3.35 
ýOS 01 
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For more complex examples the tortuosity can be directly measured by saturating the 
material with an electrically conducting material. The electrical resistance can then be 
related to tortuosity. Alternatively the time taken for ultrasonic frequencies to 
propagate through a material can be used to determine tortuosity. 
These properties can be used to infer the acoustic characteristics of the material, 
namely the characteristic impedance Z, (N s rn -3 ) and the wavcnumber k (m"). Delany 
and Bazely (1970) used extensive empirical measurements on fibrous materials to 
relate these characteristics to material flow resistivity a. 
-0754 
Z, = pc[l + 0.0497(f 
)' 
cr - iO. 0758 
f -0,732 
9 Eq 3.36 
-07 
k=w l+ 0.0858 ( (T c1f)* -A1 69(ý) 
-0*, 9, 
Eq 3.37 
cr 
These in turn, can be used to calculate the overall impedance of a finite thickness of 
material t (m). For the simple case of a single sample of material backed with a rigid 
termination, the impedance is, 
Z= -iZ, cot(kt). Eq 3.38 
From which the absorption coefficient can be determined as previously described in 
Eq 3.18. 
The Delany and Bazely approach is limited in applicability to materials with porosity 
close to 1, or those with high flow resistivity, and is only valid over a defined 
frequency range. Recognising these shortcomings, Miki (1990), introduced alternative 
empirically derived coefficients and degrees to the original power law relationships. 
While this model still possesses similar limitations, improved prediction of acoustical 
behaviour outside the range of validity of the Delany and Bazely model has been 
reported. The improved Miki model is described by: 
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-0.632 
Zý = pc[l + 0.07ýý) 
-0618 w 
k=- l+O. 109 
cu 
1W' 
-iO. 107 
L -0.632 
Eq 3.39 
(a) 
- iO. 160 
ý0.61 8 
Eq 3.40 
Further improvement has been suggested by Komatsu (2008) through the use of 
expressions containing natural logarithms: 
Zc = pc 1+ 0.00027 2- log 
6.2 
- iO. 0047 2- log(-L 
) 4.1] 
Eq 3.41 
1 (-L)) 
a) 
k= co 1+ 0.0004 2- log 
f "' 
- iO. 0069 2- log(-ýC 
) 4.1] 
. Eq 3.42 
The Komatsu model is more effective than the previous models, particularly outside 
of the previous limits when predicting the response of high-density fibrous materials 
where f/a<0.0 1 m3 kg", and low-density ones where f/a>0.1 m3 kg-1. This is 
accomplished through a reduction in the error margins associated with the prediction 
of samples with low or high flow resistivity. 
The fact that these empirical models are based on the measurements of traditional 
fibrous materials, limits their application to prediction of those material types. Similar 
semi-empirical impedance modelling applied to loose granular material was proposed 
by Attenborough (1992). His model included an additional parameter relating to the 
change in porosity with depth, as the granular material becomes more compacted. 
To ascertain the acoustic properties of more generic porous material configurations, 
an approach that considers how the material topology affects sound passing through it, 
including viscous and thermal effects, must be adopted. This approach has been 
addressed by modelling of the propagation within the pores of a material, through 
discretisation of the pore shape and structure on the microscopic level. 
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Biot (1956a, 1956b) initially highlighted that different flow regimes exist for low and 
high frequencies, and introduced a number of parameters relating to macroscopic por C 
properties, to describe low and high frequency behaviour. Attenborough (1983), using 
the assumption that porous materials can be modelled as a stack of parallel capillaries, 
described the influence of the visco-thermal effects within pores using complex 
functions relating to the effective changes in air density and compressibility 
(originally proposed by Zwikker and Kosten (1949)). Basic material characteristics 
relating to porosity, flow resistivity and tortuosity were used within the model to 
calculate acoustic impedance, although more complex, frequency dependent pore 
shape factors are also required. 
Johnson, Koplik and Dashen (1987) introduced a characteristic length relating to the 
surface-to-pore-volume ratio of the pore-solid interface, which was consequently used 
in an expression to predict the dynamic tortuosity of porous media. The frequency- 
dependent effective density and bulk modulus of the saturating fluid within porous 
media were described by Stinson (1991) and Champoux and Allard (1991), through 
the use of dynamic tortuosity expressions. Allard and Champoux (1992) proposed an 
alternative generalised model for sound propagation, utilising expressions for 
effective density and bulk modulus. Characterisýic lengths are used within correction 
functions to account for the viscous and thermal effects, and unlike the shape factors 
from the Attenborough model, are not frequency dependent, simplifying their 
derivation. 
Stinson and Champoux (1992) produced exact theoretical expressions to describe 
specific pore cross section shapes. In most practical cases this approach is too 
complicated to implement; however it has been used to investigate and evaluate the 
assignment of pore shape factors in the Attenborough and Johnson-Allard-Champoux 
generalised models. Using models incorporating simple pore cross sections (e. g. 
circular, square, or triangular), it was found that the Johnson-Allard-Champoux model 
showed very good agreement with the exact solution. 
The complex fluid functions from the Johnson-Allard-Champoux model are the 
effective density pff (kg M-3 ) and the effective bulk modulus Kff (N nf2). These are 
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used to determine the characteristic impedance (Z, ) and wavcnumber (k) (required for 
calculating Z and consequently a), 
X -pe t 
lore 
T co 
ff 
eff 
The effective density is, 
fr, -- =k eff eff P9 
where kýff (-) is the dynamic tortuosity and is given by 
keff=k, 
(I-i- ý76 F(co)), 
o; p-k, 
Eq 3.43 
Eq 3.44 
Eq 3.45 
Eq 3.46 
and F(co) is the frequency dependent viscosity correction function derived by Biot 
(1956a, 1956b), and Johnson, Koplik and Dashen (1987) to correct for discrepancies 
between low and high frequencies 
4k2 F(w) I+ is 07P 
cy 
2A262 Eq 3.47 
A (m) is a weighted characteristic length relating to the ratio of pore volume to 
surface area. 
I 18i7k, 
A= V- 2 SP cc 
Eq 3.48 
67 
where sp is a constant considering the pore shape: I for circular, 1.07 for square, 1.14 
for triangular, and 0.78 for slits (Stinson, Champoux 1992). The complementary 
effective bulk modulus can be calculated from, 
VP Keff 110 
1 
r-(r-') I-i 
t2 
8t7 
- F(w) 
Eq 3.49 
A NP pw 
I 
where Po (N m") is atmospheric pressure, and 7 is the ratio of the specific heat 
capacity at constant pressure Cp (J kg"' Ký), to that of constant volume C, (J kg" IC). 
F'(co) is a second frequency dependent function derived by Champoux and Allard 
(199 1) relating to thermal interactions within the material: 
Fl(co)= I+i pcoNPA 
v2 
Eq 3.50 
16q 
A' is a second characteristic length required due to the fact that pores within materials 
generally do not have uniform cross sections but vary in diameter. This consequently 
means the effective density relating to the viscous effects, are more strongly affected 
by the narrower sections, while the thermal effects associated with the bulk modulus 
are exaggerated by the wider sections. For pores of uniform section A=X and for 
other cases, to a first approximation A'= 2A (Allard, Champoux 1992). The value Np 
is the Prandtl number, relating the sizes of the viscous & (m) and thermal bt (m) 
boundary layers, 
NP Eq 3.51 
with, 
F217 
, Eq 3.52 700) 
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21c 
-St = ý-C, Eq 3.53 
where K (W m7l K71) is the thermal conductivity for air at constant pressure. 
The addition of characteristic length, (or shape factor) functions is required as porous 
materials are not in reality a series of uniform capillaries as the models assume. The 
inherent random nature of traditional porous materials (e. g. fibre size, fibre 
orientation, pore shape, pore size and pore distribution) is a consequence of their 
method of manufacture, and inhibits the ability to classify and predict the material 
characteristics by inspection. While the pore shape has been partially considered for 
simple pore geometries within the presented model, the distribution of different pore 
sizes is overlooked. 
Yamamoto and Turgurt (1988) developed a viscosity correction function to allow for 
arbitrary distributions in pore size. Attenborough (1993) developed a further model to 
include effects relating to changes in pore size based on a statistical size distribution. 
These effects were found to be of more significance than those relating to pore shape. 
Developing the statistical modelling approach, Horoshenkov (1998) provided a more 
general explanation using a rational 2 point Pad6 approximation to predict acoustic 
properties of materials with log normally distributed pore sizes. Unlike many of the 
previously mentioned models which rely on empirically derived factors and 
incorporate complicated calculation methods, this model only requires values of 
porosity, flow resistivity, tortuosity, and the standard deviation of pore size. All of 
these variables can be easily determined using non-acoustic, laboratory test methods. 
All of the discussed models for porous absorption predict the motion of the air 
through the material, considering the material to be infinitely stiff. They do not take 
into account the effect of elastic waves propagating within the solid material itself. 
Biot (1956a, 1956b) introduced expressions that consider both air-borne and frame- 
borne propagational waves of both low and high frequency, as well as the effect of 
dynamic coupling'between the fluid and solid components. These effects do not 
significantly affect the material absorption characteristics in most practical situations 
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(e. g. when the material is anchored to a rigid surface), and in most cases are partially 
compensated for by the empirical coefficients of the theories already described. 
3.3 Conclusions 
Review of the theories behind resonant and porous acoustic absorbers has identified 
the importance of geometry in their absorption mechanisms. The orifice and cavity 
dimensions of resonant absorbers determine the resonant frequency at which 
absorption occurs. Modification to the resonator orifice can produce acoustic 
resistance when its dimensions are reduced to sub-millimetre proportions, leading to 
broadband, fibreless absorbing devices. Cavity modifications however, have not 
yielded similar advantages, outside of theoretical speculation. The size and shape of 
the pores within porous absorbing materials influence the viscous and thermal loss 
mechanisms. Narrow restrictions within a material act to increase the viscous energy 
conversions into heat, while a large pore surface area encourages losses related to 
thermal conduction of energy into the material. The nature and distribution of pore 
size and shape within a material means these effects cannot be controlled or 
accurately predicted at a discrete level. Instead bulk material properties are used to 
predict an approximate acoustic response. 
The presented absorber theories incorporate assumptions relating to the geometries 
they describe. Resonator modelling generally assumes arbitrary orifice and cavity 
shapes, while porous material theory ' 
often relies on empirical derivations and 
topological assumptions to calculate material properties. These assumptions are 
generally accepted due to the restrictions applied by the manufacturing methods 
employed: simplistic resonator fabrication techniques cannot viably produce complex 
geometries; therefore consideration of unconventional forms has been sparse, and 
predominantly theoretical. The orientation of fibres or the formation of bubbles, are 
characteristics that introduce indeterminate pore topologies during porous material 
manufacture and are responsible for the discrepancies in pore shape and size. This 
leads to complexity and inaccuracy in the prediction of their acoustic properties. 
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RM introduces the ability to explore resonator configuration and topology on a level 
not previously viable, potentially introducing an alternative method of broadband 
absorption without the use of separate porous materials or sub-millimetre dimensions. 
The measured absorption of RM fabricated resonant cavity absorbers can be 
compared to the theories presented within this chapter to derive the parameters 
affected by the changes made to configuration and topology. It has been suggested 
that RM may also offer a method of producing porous absorbing materials. Control of 
the material topology and of the pore size and shape would allow a uniform porous 
structure to be produced, without the uncertainty associated with traditional 
manufacturing methods. Comparison of measured absorption results with the porous 
absorbing theories will uncover how the absorption properties of RM porous 
absorbers differ from traditional materials. 
The conformity between measured and predicted absorption results of both absorption 
methods will ascertain the suitability of the presented models in predicting the 
performance of novel RM enabled absorber types. 
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Chapter 4 
Resistive Cavity Geometry 
The use of RM removes design restrictions to resonant Helmholtz cavity absorbers so 
their form is no longer restricted to simple fundamental shapes; both the orifice and 
the cavity can take on arbitrary forms. Modifications to resonator geometry aimed at 
increasing acoustic resistance may allow absorption bandwidth to be improved, as 
exemplified by the micro-perforated panel absorber. 
This chapter presents an investigation on how the application of RM to resonant 
cavity absorption can be exploited to improve absorption bandwidth. An analytical 
model is developed based on resonant cavity. absorber theory and is used to develop 
the investigation. Different geometrical resonator design elements are analysed, and 
are used to identify areas which could offer absorption bandwidth improvements; 
from this three lines of investigation are proposed. For each line of investigation, 
background theory is presented to support the design of the test geometries. The level 
up to which each cavity modification can be explored is restricted by limitations in the 
RM fabrication process. In addition to the absorption results, these limitations are also 
presented. Modifications are only made to the cavity, (not to the orifice size or shape), 
and the design volume is also kept constant to maintain the same theoretical resonant 
frequency. Shifts in resonant frequency can then be attributed to the geometric 
modifications. 
To determine the effect of each cavity modification, the absorption of each test 
sample is compared against the performance of a standard benchmark resonator 
configuration, which is evaluated in Appendix 2. An estimate of the amount of added 
resistance attributable to each modification is given, based on the resonator Q values 
determined through inspection of the recorded absorption data. 
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4.1 Resonator Geometry Investigation 
it has been suggested that changes to the geometric design of a resonant cavity 
absorber could provide a source of added resistance. This has been exemplified by the 
use of microperforations and the theoretical exploration of prefractal cavity shapes by 
Sapoval (1997). With the exception of these examples, geometrical changes to the 
resonator cavity and neck have been simplistic, and not capable of achieving 
absorption bandwidth improvements. The principle aim of this work is to achieve 
sufficient resistance through the exploitation of the layer based fabrication bcncf'its 
offered by RM, without the use of separate materials or the use of sub-millimetre 
features. 
The resonator model proposed by Maa (1998) described in Eq 3.26 has been uscd to 
determine the sensitivity of varying certain resonator parameters in order to gain 
insight into the effect of changing different elements of a resonator structure. This 
model was chosen since it considers the additional viscous losses associatcd with 
micro orifice dimensions. To ascertain the effect of varying a single parameter, the 
characteristics of the absorption curves for different parameter values must be 
compared. The shape of an absorption curve can be described using two values, 
namely the frequency of resonance (frequency value at the peak absorption), and the 
frequency width at half the peak absorption value. These are depicted in Figure 4.1. 
Using these two values, the effect on the resonant frequency, and changes to the 
sharpness of the curve, caused by changing the resonator geometry, can be 
determined. Plotting theses two values against the parameter being changed will show 
the effect of that parameter on the absorption curve. 
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Figure 4.1: Absorption curve description. 
To compare the effects of changing variables relating to the orifice and cavity design, 
a standard resonator configuration was used. This configuration has low inherent 
resistance and hence any changes in absorption attributable to physical variations can 
be identified. The orifices were designed with a 15mm diameter and 15mm length. A 
moderately low design frequency of 300 Hz was chosen to ensure that sensible cavity 
depth and perforation percentage values could be maintained. 
The orifice diameter (2a) and length (1), along with the perforation separation (x) and 
cavity depth (d) were varied in isolation, 15mm either side of this standard 
configuration. The effects that these variances have on the resonant frequency and the 
half peak a frequency width are depicted below in Figure 4.2, Figure 4.3 and Figure 
4.4. The curves relating to the peak frequency are depicted as plain lines. while those 
relating to the frequency width at half peak a are marked with asterisks. 
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Figure 4.2: Effect of varying orifice dimensions. 
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Figure 4.3: Effect of varying perforation separation. 
Figure 4.2 and Figure 4.3 clearly demonstrate that varying the orifice dimensions 
above and below 15mm has a significant effect on both the resonant frequency and 
the absorption bandwidth. As orifice diameter is increased, the peak frequency 
increases, with the largest rate of change noticeable below 5mm. The frequency width 
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at half peak a also increases with orifice diameter. As the orifice length is increased 
the resonant frequency and frequency width at half peak a, both decrease; again tills is 
more significant at smaller dimensions. 
The effect of varying the spacing of the perforations up to 15mm either side that of' 
the spacing of the standard test geometry, also produces significant changes. It can bc 
seen that both the peak absorption frequency and the halt' peak a frequency width 
increase as the separation decreases. As the separation decreases the rate of increase 
becomes greater. 
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Figure 4.4: Effect of varying cavity depth. 
Figure 4.4 shows that varying the cavity depth (and consequently the volume), has 
significantly less effect than similar dimensional changes to the orifice. C* I Ther is a 
negligible change in half peak a frequency width and a slight trend towards higher 
peak absorption frequency as the cavity depth is decreased. 
These plots indicate that the response of the resonator is more sensitive to dimensional 
changes to the orifice than to the cavity. The sensitivity increases as the dimensions 
are reduced. The performance of a resonator design that does not incorporate sub- 
millimetre dimensions, therefore, would be less susceptible to manufacturing 
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variances. In addition, geometrical changes to the cavity would be less likely to affect 
resonator response, allowing complex cavity shapes to be investigated and compared 
without manufacturing accuracy affecting the results. 
The literature suggests that accurate sub-millimetre orifice dimensions are requircd to 
produce sufficient resistance to allow the realisation of a fibrcless, single material, 
broadband absorber. However designs incorporating small features are more 
susceptible to manufacturing inaccuracies. Alternative methods of adding acoustic 
resistance through changes to resonator geometry using RM could alleviate these 
manufacturing issues. A single material absorber must rely on specific geometric 
features or inherent material porosity to achieve the resistance required to produce an 
absorption curve with a usefully broad profile. While there is research and related 
products concerning the incorporation specific geometric changes to the orifice, 
geometric changes to the cavity have not been explored as fully. There are few 
restrictions to the form that the cavity takes; also cavity changes are less susceptible to 
manufacturing accuracy. This makes them most suited to an investigation into their 
geometry. 
A key issue is to establish what type of geometric changes to the cavity to make. It 
has already been suggested that the cavity shape may influence acoustic resistance, 
with sharp changes in section and greater surface area providing increased viscous 
losses at the cavity. surfaces, the most extreme example of this being the proposed use 
of fractal cavity shapes. The use of RM to fabricate the resonator cavity offers an easy 
method to produce complex cavity shapes. An empirical investigation into the 
benefits of increasing the surface area of the cavity boundary, and the cross sectional 
irregularity associated with a fractal cavity shape will ascertain if the increases in 
resistance predicted by Sapoval (1997) are practically achievable. 
The addition of certain cavity features aimed specifically at adding resistance is 
another area of consideration. To add acoustic resistance these features must interact 
with the air movement within the cavity. Therefore the nature of the air flow 
characteristics within the cavity must first be considered. If a sound wave of normal 
incidence strikes the surface of a Helmholtz resonator, the orifice distorts the flow of 
air in a small region around the perforation before returning to normal, planar flow 
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(higard 1954). This is depicted in Figure 4.5, where [lie lines shown repi-csclit the ll()\\ 
linc-, In the sound field. 
I 2a 
2,1 
Figurc 4.5: Flow lines around resonator perl'orations. 
Tile region of two dimensional complex flow around the orifice I-C11.11-11S to 1101-111,11 
planar flow after the depth approximately equal to tile diameter of the perl'Oration 
(Cox, D'Antoruo 2004). This constriction of tile air flovv causes an increase in the 
kinetic energy present in the upper area of the cavity (Ingard 1954). 
The flo-w behavior as it exits the orifice can be affected by the cavitv shape. \\'ljcIj the 
cavity is short with a large diameter, a one-dimensional radial wave propagates 
through the cavity. I lowever for longer, narrower configurations an axial planar wave 
is produced. Therefore to ensure planar propagation (as many oftlic models presume), I 
a length to depth ratio over I should be maintained. Any changes made to the cavity 
geometry should also encourage planar propagation. 
The addition of resonator resistance using the cavity space is commonly accomplished 
through the addition of resistive materials to tile cavity space, or lining tile Nvalls 
(Selamet et aL 2005). These provide darnpim, to tile Illovernent of air within the 
cavity, slowing down the velocity of propagation. The porosity of the material I. 
represents a barrier to impede the motion of an- which is further exaggerated by the 
tortuous nature of the air paths. Also the small pore sizes provide a large surl'ace area, 
over which air flows as it propagates through the material. providing viscous 
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resistance. An investigation into the addition of resistance using internal cavity 
features should look to utilise methods employed within traditional resistive materials: 
* Adding geometry that restricts and impedes the natural direction of air flow; 
e adding geometry to the cavity that increases viscous resistance to the flow of 
air within the cavity. 
The incorporation of features to impede the natural direction of air flow may take the 
form of a layer placed in the cavity orthogonal to the direction of air flow, with a low 
level of porosity achieved through the incorporation of perforations. Increased viscous 
resistance could be achieved through the incorporation of many additional surfaces in 
the form of concentric fins arranged in the axial direction. 
in summary the three areas of investigation are: 
* Use of fractal cavity shapes to increase viscous resistance at the cavity 
boundary through increased boundary surface area and cross sectional 
irregularity; 
e addition of cavity restrictions in the form of a perforated layer to impede the 
motion of cavity air; 
e incorporation of additional surfaces within the cavity using internal fins to 
provide a large surface area and increase viscous resistance. 
4.2 Resistive Cavity Shape Changes 
Existing work regarding the effect of the cavity shape on resonator performance has 
been largely focused on changes to the resonant frequency. This is most significant as 
the cavity length to depth ratio becomes extreme. Improved resonator design theory 
has been developed to include these effects (Alster 1972), allowing resonators to be 
designed to accurately address certain problematic frequencies. The influence of 
cavity shape on other resonator properties such as resistance is not as well reported, 
because the flow velocity within traditional, simple, axis-symmetric cavity shapes is 
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relatively low and only produces small frictional losses through viscous resistance at 
the cavity walls. Therefore the effect of cavity geometry is small compared to changes 
made to the neck, where the flow velocity is much higher. The simple lumped element 
resonator models reflect this behaviour by considering the enclosed cavity volume 
only as a compressible medium with known stiffness, and no mass. The cffective 
mass of the air in and around the neck is considered attributable for the inertial 
reactance, while its interaction with the surrounding walls is responsible for the 
resistance to provide damping to the resonant effect. To achieve a broadband of 
absorption requires a high level of resistance, coupled with low reactance. 
Modifications to the resonator cavity aimed at adding resistance may promote this as 
they may not add to the mass of the neck air. Cavity modifications may however, 
change the effective compressibility of the cavity air. 
The simplest form of cavity shape is a sphere. This form represents a configuration 
with no abrupt changes in geometry and with the minimum internal surface area for a 
given volume. Any deviation from a spherical cavity will increase the surface area of 
the boundary, increasing the losses arising from heat conduction and viscous 
dissipation at the cavity surfaces. These loss mechanisms are greater around sharp 
changes in cavity section where the boundary layers thickness is greater. Further 
acoustic dissipation may be possible using highly complex cavity shapes as the 
oscillating pressure in the cavity is diffused thorough complex geometric regions and 
thermal exchanges occur with the solid resonator material (Boutin, Royer & Auriault 
1998). These effects serve to alter the effective compressibility of the cavity air, 
changing the imaginary reactive part of impedance, and modifying the resonant 
response. 
While these effects may be small for simple shapes, an investigation into complex 
cavity shapes with large boundary surface area, enabled through the use of RM, has 
the potential to introduce higher levels of resistance, capable of adding useful 
damping to resonant absorption, or altering resonator reactance. 
The level to which the complexity of the cavity shape and the associated cavity 
boundary surface area can be modified, is restricted by RM fabrication limitations. 
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These limitations will restrict the magnitude of the damping ultimately achievable 
using RM enabled cavity shape changes. 
The total surface area of the cavity boundary C, (m2) is related to the cavity volume V, 
using a parameter known as the hydraulic radius HR (m). 
HR= Eq 4.1 
To encourage planar propagation within the resonator cavity (as many theoretical 
models assume), an axis-symmetric cavity shape should be used. In this case the 
hydraulic radius can be defined by the properties of the cavity cross section using the 
length of the cavity cross section perimeter C1 (m), and the cavity cross sectional area 
S, (in, ), 
HR=S 
C, 
Eq 4.2 
This parameter has been related to the resistance within porous materials (Fowler, 
Hertel 1940) and related by association to theoretical studies of fractal cavity shapes 
(Sapoval, Haeber16 & Russ 1997). In this work it was suggested that the resistance 
offered by fractal cavities is proportional to the length of the cavity perimeter. The 
losses at the cavity boundaries after v fractal iterations were theorised as being 2' 
greater than the original fractal initiator, with a true mathematical fractal producing 
infinite losses. This prediction challenges classical resonator theory which considers 
cavity shape to be resistively insignificant. RM introduces a method of empirically 
investigating the use of fractal cavity shapes, to ascertain if a realistically fabricated 
fractal cavity is capable of adding sufficient resistance to improve absorption 
bandwidth. 
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4.2.1 Design of Test Geometries 
To encourage planar air propagation, and restrict the number of design variables an 
axis-symmctric two dimensional fractal cavity shape was used. The use of a fractal 
family based on the Minkowski curve offers a simple design method to double the 
cavity perimeter length whilst maintaining cavity volume, cffectively halving the 
hydraulic radius after each iteration. It also allows comparison with the theoretical 
predictions proposed by Sapoval (1997). 
The zeroth fractal iteration takes the shape of the fractal initiator which in this case is 
a simple square. The next iteration is produced by substituting each edge with the 
fractal generator which takes the form of an 8 segment stepped line (Figure 4.6). 
------------------ 
10 
Figure 4.6: Fractal initiator and generator. 
Further fractal iterations were produced by substituting each edge of the previous 
iteration with the 8 segment generator. This produces the following family of 
geometries: 
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Figure 4.7: Fractal cross section iterations. 
The stepped fractal. generator produces fractal iterations with identical cavity cross 
section areas. This maintains a similar cavity volume throughout all the samples to 
promote resonance to at 30OHz. 
The resonator geometries were produced using Selective Laser Sintering (SLS) 
following successful validation of the standard resonator geometry in Appendix 2. 
The P iteration fractal with the most complex structure has segments 0.8mm. long, 
which are approaching the minimum feature size that can be fabricated. Consequently 
for this process and this scale of cavity, an iteration limit of v=3 is reached. Similarly 
to the standard benchmark resonator geometry, the base was not fabricated to allow 
the unsintered powder to be removed. An aluminium. plate was used to terminate each 
cavity, sealed in place with silicone. The fabricated resonators are shown below in 
Figure 4.8. 
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4.2.2 Fabrication Issues and Measured Absorption 
Tile fabrication of' these complex cavity shapes exemplifics tile "Conictric freedom 
possible through the application of RM. The removal ofunsintered powder froill tile 
cavities was successfully achieved using compressed air to remove powder froill tile 
intricate areas. Despite the small feature size of the finest fractal, tile detail of' tile 
features was well defined. 
The nicasurcment of the acoustic absorption properties of each test sample 'A'crc 
carried out in accordance with BS EN ISO 10534-2 (British Standards Institute 
2001b), using a two microphone transfer function method and a computer data 
acquisition unit as described in Appendix 1. All four resonators were measured using 
the sarne calibration minimising the uncertaintv when comparing sample 
measurements. 
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Figure 4.8: Fabricated fractal resonators. C, 
The absorption results acquired from the test method provided results at a resolution 
of 3.125 Hz. The results for each sample were plotted against a logarithmic frequency 
scale from 125 Hz to 630Hz to focus on the area of low frequency resonance. The 
graphs for each fractal cavity are shown in Figure 4.9. To visualise the difference 
offered by the cavity modifications the absorption curve relating to the standard 
benchmark resonator (see Appendix 2) is also plotted (dotted line). 
The values of hydraulic radius HR (m) are depicted on each plot. To compare the 
resistive effects of each test sample, the bandwidth of absorption when a exceeds 0.4 
W (Hz), which is dependent on resistance, is also indicated. Similarly, to compare any 
reactive effects altering the frequency response, the resonant frequency F'. (Hz) of the 
measured results , is also shown. 
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Figure 4.9: Fractal cavity absorption results. 
The results of the fractal cavity testing show that only a low level of resistance is 
achievable, resulting in an insignificant widening of the absorption curve (9.38 Hz) 
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over that of the standard benchmark resonator. It can be seen that the square cavity 
has a smaller absorption bandwidth than the cylindrical configuration of the standard 
benchmark cavity. The magnitude of this discrepancy may be deemed insignificant 
considering the 3.125 Hz resolution of the absorption mcasurcmcnts, and the 
uncertainty associated with microphone recalibration between the two tests. The 
bandwidth increases as the hydraulic radius is decreased but the resonant frequency 
does not shift more than 3 Hz, and there is no noticeable trend. These small shifts can 
be attributable to rounding errors as a result the frequency resolution of the absorption 
measurements. 
4.3 Resistive Cavity Perforations 
Additional resistance can be achieved through the incorporation of restrictions to the 
planar movement of air within the cavity, in a similar manner to the resistance 
provided by porous materials. While viscous effects also contribute towards their 
acoustic resistance, the importance of fraction open area, or porosity, is fundamental 
in reducing the flow of air through a porous material. The simplest method of 
geometric restriction is to introduce a section within the cavity, with significantly less 
cross section area than that of the cavity. This can be accomplished by using a layer of 
perforations. 
The radiation resistance of an open ended pipe (Eq 3.6) is due to the final layer of 
fluid at the end of the pipe effectively acting as vibrating piston, radiating sound into a 
semi-infinite medium. For an orifice in a thin plate, the radiation resistance is twice 
that of a normal flanged pipe as it can be considered as a short pipe open at both ends 
(Blackstock 2000). The presence of a restriction within a given cross section gives 
rise to a concentration of flow through the restriction, with a subsequent increase in 
kinetic energy (Morse, Ingard 1968). This has the effect of increasing the viscous 
energy losses near the edges of the hole. These viscous effects have also previously 
been considered within the derivation of the resonator model (Eq 3.15). 
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The combination of these resistive effects, configured as a perforated layer is 
described within the model associated with the micro-perforated panel (Eq 3.26) 
which also includes consideration of sub-millimetre perforations. Using this modcl, 
Figure 4.10a shows the effect of changing perforation radius a (m) on resistance, and 
Figure 4.1 Ob depicts the effect of fraction open area c (-). The standard variables used 
were: layer thickness I= 2mm, perforation radi us a=I mm and perforation ratio c 
0.05. 
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Figure 4.10: Perforated layer resistance: (a) changing radius (b) changing open area. 
The plots indicate that the resistance of a perforated layer increases as orifice radius 
decreases. This becomes particularly significant as the orifice radius becomes sub- 
millimetre and approaches the same order of size as the viscous boundary layer 
thickness. Also the resistance can be seen to increase as the open area decreases, 
particularly as the fraction open area becomes very low (<0.02). The predicted values 
of resistance from the model assume that the perforated plate is exposed to free field 
sound; this is not the case within the enclosed volume of a resonator. Therefore the 
calculated values cannot be used in the prediction of the inclusion of internal cavity 
resistance. The plots do, however, suggest that significant resistance could be 
achievable through the use of internal perforations. This leads to an investigation of 
incorporating plates with varying perforation configurations, within the cavity of the 
standard benchmark resonator (Appendix 2), aimed at increasing. resistance and 
improving absorption bandwidth. 
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The longitudinal compression of the air within the cavity results in the velocity and 
displacement of the air movement at the top of the cavity being greater than that lower 
down. Applying restrictions to cavity areas where air velocity is higher may influence 
the amount of added resistance. Therefore the position of the internal cavity 
perforations within the cavity is further area of investigation. 
To test the effect of this on the addition of internal restrictions it was decided to 
change the position of the restrictions within the cavity. 
4.3.1 Design of Test Geometries 
The incorporation of internal perforated layers represents the simplest topological 
configuration for adding cavity restrictions. While this simple configuration does not 
utilise the geometric freedom offered by RM, and could be fabricated using traditional 
manufacturing methods, it represents a logical initiation for an investigation into RM 
enabled, single material cavity resistance. 
Two sets of perforated layers were produced. One set with varying perforation radius 
and the other with varying fraction open area. To minimise the effect on resonant 
frequency, the volume of each layer was minimised by restricting the layer thickness 
of the perforations to 2mm. To promote the natural propagation paths within the 
cavity, the restrictions were intended to only interact with the area of planar air 
Movement. Each layer was mounted 15mm down from the top of the cavity (equal to 
1 orifice diameter), to take advantage of the faster moving air towards the top of the 
cavity. This is shown in Figure 4.11 
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Figure 4.11: Perforated layer mounted \xithin the standard resonator. 
The perforation properties of each set of layers were chosen based on trends observed 
from the previous perforation resistance analysis; however the minimum feature size 
limits of the SLS process restricts the lowest perforation size to I min. To investigate 
the effect of perforation size four samples were produced with a fixed fraction open 
area of 0.05, and perforation radii of 0.5mm, 0.75mm, I rnm and 1.5mm. The effects 
of fraction open area were investigated using four perforated layers, cacti with a fixed 
perforation radius of 0.5mm (the smallest within feasible fabrication limits). Thc 
fraction open area was varied using values of 0.01,0.02,0.05 and 0.1. For cacti 
sample the spacing between aqjacent perforations D. (m) was calculated using, 
7ra 
Eq 4.3 
The fabricated perforated layers with varying perforation radius and fraction open 
area, are shown below in Figure 4.12(a) and Figure 4.12(b) respectively. II 
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Figure 4.12: Perforated layers with (a) varying radius and (b) varyino fraction open I 
area. 
To investigate the effect of cavity position, one perforated layer was mounted at 
distances of 5mrn, l5rnm, 25mm, and 35mm from the top of the cavity. A perl , oration 
configuration with a=0.75mm and i., = 0.05 was chosen as an intermediate sample, 
avoiding the extremes of fabrication feasibility or open area. 
The configuration parameters of each Internal perforated layer and tile corresponding 
portion ofcavity air space below the perforation were used with Eq 3.23 to check that 
any secondary resonances produced were higher than the primary resonant frequency 
of the main resonator, and therefore irrelevant within the cavity of' tile lower 
frequency resonator. This allows any noticed increases in absorption to be attributable 
to resistive ctl'ccts only, and not affected by secondary resonances. The resonant 
frequencies I'Or each internal perforated layer configuration are shown in Table 4.1. 
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Table 4.1: Internal cavity perforated plate resonances. 
Fraction 
Open Area 
Perforation 
Radius (mm) 
Perforation 
Depth (mm) 
Cavity 
Depth (mm) 
Resonant 
Frequency (Hz) 
0.05 1.5 2 58 839 
0.05 11 2 58 910 
0.05 0.75 2 58 954 
0.05 0.5 2 58 1004 
0.01 0.5 2 58 437 
0.02 0.5 2 58 624 
0.1 0.5 2 58 1449 
0.05 0.75 2 68 881 
0.05 0.75 2 48 1048 
0.05 0.75 2 38 1178 
4.3.2 Fabrication Issues and Measured Absorption 
The fabrication of the perforated layers using the SLS process was not as successful 
as that of other cavity geometries. While the shape of layer and the'spacing between 
perforations was accurate, their size was not. Unconsolidated powder remained within 
the perforations even after significant de-powdering effort. To ensure the removal of 
all powder, and obtain perforation accuracy, each sample had to be reamed by hand. 
The comparison between reamed and un-reamed samples is shown in Figure 4.13. 
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Figure 4.13: Perforation fabrication issues: (a) directly fabricated sample and (b) 
reamed sample. 
The absorption results were carried out as before at a resolution of 3.125 Ilz and 
plotted against a logarithmic frequency scale from 125 to 630 llz. A dotted curve 
relating to the standard benchmark resonator (with an empty cavity), is also plotted 
for comparison. The absorption bandwidth when a exceeds 0.4,11" (1 Iz), and resonant 
frequency, F- (Hz), are also depicted to indicate changes in resistance and reactance. 
The results relating to perforation radius are shown in Figure 4.14, while those 
relating to the fraction open area and perforation position are shown in Figure 4.15 
and Figure 4.16 respectively. 
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Figure 4.14: Internal perforation radius absorption results (c = 0.05,15mm down). 
It can be seen from Figure 4.14 that the inclusion of a perforated layer gives increased 
resonator resistance over that of an empty cavity. As the size of the perforations 
decreases, the resistance and the absorption bandwidth increases. The two samples 
incorporating perforations with sub-millimetre radii produce significantly higher 
bandwidths. The exponential curve depicted in Figure 4.10 predicted that large 
increases in resistance could be achieved as perforation radii become sub-millimctre. 
The absorption results presented here concur with this behaviour. The sample with 
0.5mm radius perforations offers the most resistance increasing the bandwidth of 
absorption by 50 Hz over that of an empty cavity. The change in perforation size does 
not have a significant effect on the resonant frequency. 
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Figure 4.15: Internal perforation fraction open area absorption results (a 0.5mm, 
15mm down). 
The results of changing the fraction open area of the perforated layer depicted in 
Figure 4.15, suggest that low values of open area (less than 0.05) give the most 
increase in absorption bandwidth over that of an empty cavity. The lowest fraction 
open area sample (0.01) provides the greatest increase of all the tested configurations, 
improving the bandwidth of absorption by 10011z. This large increase is consistent 
with the trend noticeable in Figure 4.10(b), predicted by the theoretical resistance 
model. There is also a shift in resonant frequency as the fraction open area decreases, 
which becomes particularly noticeable with the two samples of lowest open area. This 
indicates that the fraction open area also controls an element of mass reactance. 
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Figure 4.16: Internal perforation position absorption results (a = 0.75mm, c=0.05). 
The effect of cavity position shown in Figure 4.16 indicates that the application of 
restrictions to the lower portion of the cavity produces less resistance, compared to 
those occupying the upper cavity area. The most resistance achieved is when the 
restrictions occupy the area of faster, two-dimensional airflow, 5mm. below the cavity 
orifice. In this position the application of a perforated layer with 0.75mm radius 
perforations, and a fraction open area of 0.05, increases the bandwidth of absorption 
by 5OHz. This is 6Hz greater than the same sample situated at the start of planar air 
movement (15mm down). The resonant frequency decreases as the restrictions are 
situated higher up the cavity, with the most noticeable shifts produced by the two 
highest positions. 
From the testing relating to the addition of cavity restrictions, the following 
assumptions can be made: smaller restrictions produce higher levels of resistance, 
particularly when the radius approaches sub-millimetre size. An increased resistive 
trend can also be achieved by lowering the fraction open area of the restrictions, and 
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by locating restrictions within the upper area of the cavity to interact with the faster 
moving air. A shift in resonant frequency occurs when the fraction open area is 
lowered, or the restrictions are moved closer to the resonator orifice, indicating these 
parameters effect mass reactance as well as resistance. The most significant 
bandwidth improvements were noticed by changing the fraction open area. The 
extreme of this test produced a large amount of resistance, and consequently led to an 
increase in the absorption bandwidth when a exceeds 0.4, almost four times that of a 
standard, empty cavity. 
4.4 Resistive Cavity Fins 
The investigation into increasing resonator resistance through the addition of cavity 
features indicates that adding surfaces within the cavity to increase the surface area 
that the oscillating air within the cavity passes over may lead to increased viscous 
resistance. The direction of air movement within the cavity is predominantly planar 
(with the exception of the air close to the orifice). To ensure that resonator flow 
characteristics are fundamentally similar to a standard resonator, and only viscous 
effects are considered, additions in surface area should encourage the natural direction 
of propagation. These requirements lead to an investigation of incorporating 
concentric cavity fins, occupying the planar flow section of the resonator cavity only. 
The particle velocity through a pipe or channel is not constant throughout its cross 
section due to the viscous nature of air. The particles in the mainstream area will 
oscillate back and fourth in response to an applied sound wave, however those 
adjacent to the channel walls will adhere to the surface and consequently have a 
velocity of zero. The motion of the air between these two extremes causes energy loss 
due to frictional shear viscosity, and thermal conduction. The minimum distance from 
a surface where thermal and viscous modes can be considered negligible are known as 
the acoustic viscous boundary layer (5v), and the acoustic thermal boundary layer (5, ), 
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r2i7 
0) 
(51, = 7, Eq 4.4 
8v 
J-P Eq 4.. 5 
where Np (-) is the Prandtl number which relates viscosity to heat conduction. For air 
at 20'C and I atmosphere, Np = 0.771 (Blackstock 2000). 
The effective density pff , of the oscillating cavity air describes the inertial and 
viscous interactions with the surrounding solid structure (Allard, Champoux 1992). At 
low frequencies viscous forces dominate, but become small compared to inertial 
forces at higher frequencies (Olny, Boutin 2003). The viscous forces increase as the 
distance between adjacent channel walls, through which air is oscillating, decreases. 
The effective bulk modulus of the cavity air K,, ff , relates the divergence of molecular 
displacement in the air, to the variation in pressure, and is governed by thermal heat 
exchanges (Allard, Champoux 1992). These exchanges impart a more significant 
effect in areas with greater surface area, and also at higher frequencies when K,, ff tends 
towards its adiabatic value (Olny, Boutin 2003). 
The flow velocity of air oscillating in a Helmholtz resonator plays a more important 
part than the changes in pressure as far as dissipation is concerned. Therefore the 
thermal losses associated with pressure changes are often disregarded as they are 
negligible by comparison to viscous losses (Ingard 1953). 
Figure 4.17 below shows that 8, is very small, but increases significantly (>0.2mm) 
towards the lower frequencies. This layer of slower moving air, while small, 
introduces resistance to the motion of air travelling over a surface. 
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Figure 4.17: Viscous boundary layer thickness. 
The viscous resistance R, (N sm -3) of air moving over an infinite plane is given as: 
Rs =1 217pco Eq 4.6 2 
This energy dissipation is predominant in the resistance associated with the neck of 
undamped Helmholtz resonators. It is used within the analytical description of 
Helmoltz resonator impedance (Eq 3.17) to calculate the total viscous resistance, R, 
within the neck, 
R, = ý2--qpco 
I (I + 2a). Eq 4.7 
a 
Figure 4.18(a) and Figure 4.18(b) show how viscous resistance changes with orifice 
radius and length respectively. 
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Figure 4.18: Viscous resistance associated with Helmholtz resonator orifice radius (a) 
and neck length (b). 
These plots show that as the neck length (and consequently the surface area) 
increases, the viscous resistance also increases. The same effect can be noticed as the 
neck radius decreases-, however a very large increase can be noticed when the neck 
radius starts to approach the viscous boundary layer thickness. Absorbers utilising 
micro perforations or dimensions utilise this affect to achieve single material 
broadband resonant absorption. 
Applying viscous resistance to the cavity of a resonator should also aim to utilise 
these effects. The incorporation of concentric fins to the cavity effectively increases 
the surface area within the cavity and simultaneously provides narrow channels for 
the cavity air to propagate through. To maximise the surface area available, as much 
of the cavity volume as possible should be occupied; however to ensure that 
interaction only occurs with the areas of planar propagation they should be absent 
from the upper cavity area. The fin thickness should also be minimal to minimise the 
volume occupied per fin, and maximise the number of fins that can fit within a given 
space. With the height and thickness of the fins constrained, the one free variable to 
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investigate is the spacing between adjacent fins. This basic dimensional change 
affects both the width of the propagation path and the amount of surface area present, 
thus addressing both variables associated with viscous resistance. 
4.4.1 Design of Test Geometries 
Four resonator test geometries were designed, each based around the standard 
benchmark resonator design (see Appendix 2). The neck shape and dimensions were 
identical to the standard design, however to maintain a volume of 2.198 x 10 -4 M3 the 
volume occupied by the fins had to be taken into account and compensated for by 
increasing the diameter of the cavity. Radial enlargement was chosen to keep the 
overall sample depth constant. The volume analysis was carried out at the Computer 
Aided Design (CAD) modelling stage of each geometry, using solid modelling 
volumetric analysis tools. 
A fin thickness and minimum fin spacing of Imm were chosen to ensure feasible 
feature size, adequate fin strength and sufficient space for powder removal. These 
design parameters were chosen following consideration of process restrictions relating 
to minimum feature size, accuracy and the powder removal requirement of the 
Selective Laser Sintering process. 
Based on these restrictions, fin spacings of lmm, 1.5mm, 2mm and 3 nun were 
chosen and are shown in Figure 4.19. The fin height was set at 60mm, to ensure a gap 
of one orifice diameter (15mm), was left at the top of the cavity so the fins only 
interact with planar air propagation. The final cavity diameters are shown in Table 
4.2, along with the diameter of the standard benchmark resonator for comparison. 
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Table 4.2: Cavity diameters. 
Fin Spacing (nun) Cavity Diameter (mm) 
1 77.73 
1.5 72.79 
2 69.95 
3 67.45 
Standard Resonator 61.08 
Each test piece was produced in two halves with the tills and the base ofthe resonator 
fon-ning one half to allow easy powder removal from the cavity and between thc fins. 
(h) 
Figurc 4.19: Internal cavity fins designs: (a) Asscmblcd internal finis CAD sectional 
view (b) fabricated fins. 
4.4.2 Fabrication Issues and Measured Absorption 
The fabrication of the internal fin test geometries was successfully achieved Lising, the 
SLS process. Removal of unsintered powder from betwecil tile ns \v S* a., relam 
easy with the exception of the smallest Imm spaced component. The finc spacing 
made access to the unsintcred powder towards tile bottom Of tile fills difficult. and 
complete removal of all powder could not be 'U'Liarailteed. Rc,, i,, ti%c ()f tile 
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scale of Imm or below are therefore beyond the level of feasible fabrication using 
current SLS based processes. Alternative deposition or liquid based processes may 
alleviate powder removal issues, although the requirement for separate Support 
structures and problems associated with trapped volumes may introduce further 
fabrication issues. 
The measurements of the acoustic absorption properties of each test sample were 
carried out using the same two microphone impedance tube method as the previous 
tests. The results for each sample are plotted against a logarithmic frequency scale 
from 125 Hz to 630Hz to focus on the area of the low frequency resonance. The curve 
relating to the standard benchmark resonator is once again plotted against each result 
for comparison, as a dotted line. The values of absorption bandwidth when a exceeds 
0.4, W (Hz), and resonant frequency F, - (Hz), are also depicted to indicate resistive and 
reactive changes. The graphs for the four tests are shown in Figure 4.20. 
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Figure 4.20: Internal cavity fins absorption results. 
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The fin absorption results show that the addition of intemal fins to the cavity 
introduces ffirther acoustic resistance, increasing the absorption bandwidth of the 
resonator. The bandwidth increases as the spacing between the fins is decreased. The 
finest Imm spaced fins improves the bandwidth of absorption by 50 Ilz over the 
standard benchmark resonator. There is a trend towards a lowering in resonant 
frequency as the spacing is decreased. This indicates that the presence of the fins adds 
a component of mass reactance as well as resistance. However, the frequency shift of 
the imm spaced sample is not consistent with this trend. An explanation for this 
discrepancy can be related back to the powder removal issues encountered during 
fabrication. The presence of unwanted material within the cavity would have the 
effect of reducing cavity volume and consequently increasing resonant frequency. To 
confirm this theory the weight of each fin section was measured and its volume 
calculated using a density value 22 of 970 kg M-3 . These volumes were then compared 
to the design volume calculated from the CAD solid model. The results are shown in 
Table 4.3. 
Table 4.3: Fin section volume comparison. 
Fin 
Spacing 
(mm) 
Resonant 
Frequency 
Shift (Hz) 
Fin Section 
Weight (g) 
Volume 
(MM 3) 
Design 
Volume 
(MM 3) 
Difference 
(%) 
1 -6 181.18 186784 174331 +7.1. 
1.5 -19 118.75 122423 130600 -6.3 
2 -13 93.97 96876 106661 -9.2 
3 -9 78.92 81361 86491 5.9 
While the three larger spaced fin configurations all Posses similar negative volumetric 
discrepancies (within 3.3%), the Imm spaced fin section has an average volumetric 
increase of 14.2% over the other parts. If this discrepancy is taken into account, the 
resonator open cavity volume decreases from the design volume of 219772mm 3 to 
188564mm3 which equates to a theoretical design frequency of 323Hz. Subtracting 
this frequency shift of 2311z from the measured value, puts the resonant frequency of 
22 SLS density values may be inaccurate as part density can vary between different build positions 
within the powder bed, and laser energy density (Tontowi, Childs 200 1). 
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the Imm. sample at 271Hz, a shift of -29Hz. This represents an estimation of the 
resonant frequency had all powder been successfully removed, and is in line with the 
decreasing resonant frequency trend of the other internal fin test samples. To ensure 
that configurations such as these conform to expected trends, it is important that all 
excess powder is removed so the fabricated part accurately reflects the intended 
design. 
4.4.3 Upper Cavity Fin Development 
The investigation into cavity restrictions highlighted the greater bandwidth increases 
that could be achieved through the incorporation of resistive features in the upper 
cavity area. To test this hypothesis using cavity fins, a structure was developed with 
the aim of adding viscous resistance whilst encouraging the natural flow paths within 
the resonator. Like the concentric fin design, the development of an internal fin 
structure to act in the upper cavity area must also promote natural propagation paths, 
to encourage the process of resonance. The flow of air as it exits the orifice was 
previously depicted in Figure 4.5, and propagates both radially and axially up to a 
depth equivalent to the orifice diameter, after which only planar axial propagation 
occurs (Ingard 1954, Fig. 1). The design of a fin structure to follow this complex 
propagation behaviour must conform to these expected flow contours. Consequently 
to maintain constant fin spacing from the orifice to the entire cavity diameter, the 
number of fins must increase throughout the upper cavity area. 
A conformal fin structure was designed to be retrofitted- to the upper cavity area of the 
standard benchmark resonator described in Appendix 2. As the structure is to occupy 
only the upper 15mm, the change in cavity volume is relatively small. The associated 
increase in resonant frequency due to the reduction in cavity volume can be taken into 
consideration when evaluating any frequency shifts in the measured absorption curve. 
The spacing between the fins was set at 1.5mm following the previous internal fin 
results and the manufacturing complications encountered with smaller spacings. The 
thickness of the fins remained consistent with the other tests at Imm. The 15mm 
orifice only allows enough space for three, 1.5mm circular openings. The three 
corresponding fin sections were then extended along expected flow paths whilst 
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maintaining a distance of 1.5mm from the cavity walls, and terminating cLjjj1spjIcc(l at 
the start of planar an- propagation. The gaps between the three initial fins wcrc 111cil 
filled with intermediate fins, which followed tile COMOUrS 01' tile eXiSling fins an(l 
were terminated when tile spacing frorn aqjaccnt fins decreased below 1.5nim. I-i\c 
ribs werc added, intersecting the fins to hold them to. gethcr and maintain their 
location. They also extend beyond tile outer fin section to locate the structil, , Vain 1C '11- s 
the cavity wall. The design is shown in Figure 4.2 1. 
(a) (b) 
Figure 4.2 1: Conformal upper cavity fins: (a) fabricated part and CAD cross scctl(),, 
(b) CAD cross section, mounted. 
SLS was used to fabricate the structure. Despite tile narroxv 1.51nin channels, the 
removal of powder from the inaccessible areas followillo fabricati tý Ion was 
accomplished using flexible wire and compressed air. The absorption results of, tile 
assembled structure are presented in Figure 4.22. A dotted curve representing the 
4cmpty' standard berichn-iark resonator Is shown for comparison. The Vaitles of 
absorption bandwidth when a exceeds 0.4, W (Flz), and resonant frequency 1z). 
are also depicted. 
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Figure 4.22: Conformal upper cavity fins absorption. 
The absorption results show that the upper cavity fins offer a larger absorption 
bandwidth than the previously tested fin configurations occupying the lower portion 
of the cavity, despite having a spacing of only 1.5mm and only occupying 20% of the 
cavity volume. The increase in absorption bandwidth over that of the standard empty 
cavity is 55Hz. There is a significant decrease in resonant frequency (44Hz), which 
again suggests the fins contribute a mass reactance as well as providing resistance. 
The addition of the fins decreases the cavity volume by 0.1699 x 10-4 M3 which would 
theoretically increase the resonant frequency by 13Hz. Taking this into account the 
actual frequency shift attributable to the presence of the fins is 57 Hz. 
4.5 Discussion 
Three different approaches have been identified, all of which are aimed at increasing 
resonator resistance through modifications to the cavity geometry. These approaches 
have addressed the effect of cavity shape, cavity restrictions and increased surface 
area. All the samples were produced using the SLS process due to its suitability at 
producing complex internal features without separate support structures. The 
fabrication of the proposed geometries was achieved with varying success. The very 
complex, open structures offered by the fractal cavity shapes were highly successful, 
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with excellent feature definition and accuracy. Similarly the definition of the internal 
fin structures was generally good; however differences between the measured and 
calculated volumes indicates solid volume discrepancies, potentially suggesting 
inaccuracy in fin size. In addition the fine spacing of the largest surface area sample 
made powder removal difficult, reducing the open volume of the cavity. This results 
in a fin spacing of 1.5mm being identified as the minimum that can be feasibly 
fabricated. The fabrication of the perforated restrictions was not suited to this process. 
Every sample required extensive post processing to achieve accurate perforation size. 
Part of the problem was due to unconsolidated, or part consolidated powder blocking 
each perforation. This problem could be resolved through the use of an alternative 
process incorporating a low viscosity liquid based build material such as 
Stereolithography, or the use of a deposition based method without build material 
surrounding the part, such as Fused Deposition Modelling. The accuracy of very fine 
sub-millimetre perforations (providing the most resistance), may still prove 
problematic as they approach the limit of most currently available RM processes. 
All the approaches demonstrate an ability to control the amount of added resistance 
through changes to simple geometric parameters. The magnitude of added resistance 
varied between the three approaches and is compared in Figure 4.23. The dotted line 
represents the absorption bandwidth of the standard empty cavity (37.5 Hz), 
determined in Appendix 2. The test references A to E relate to each test series, while 
the different bars within each group represent the specimens within each test. The 
details of these are surnmarised in Table 4.4. 
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Figurc 4.23: Comparison ofbandwidth improvements. 
Table 4.4: Test specimen reference table. 
, 'Fcst rest Specimen Reference NN ithin (, roup (left to right) Related Cavitv 
Reference 
Geometry Test 1 2 3 4 5 
Group 
Fractal Cavity Iteration, v 
A 0 1 2 1 iva 
Perforation Radius, P, 
B 1.5 1 0.75 0.5 n/a 
(nu-n) 
Perforations - Fraction C 0.1 0.0ý 0.02 0.01 wa Open Area, P1 
Perforation Position. P, 
D 35 25 1 wa 
(mrn) 
Upper 
E Cavity Fin Spacing (mm) 3 2 1.5 1 Cavity 
Fins 
Besides the absolute improvement in absorption bandwidth. the absorption curves fol- 
each test sample can also be used to estimate the quallty factor, 0 (-). 
-- A(O, 1-q 4.8 
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where co,. (rad s-) is the resonant angular frequency, anddCO (rad s-1) is the resonant 
frequency width between points where the response is 1/. %f2- of the maximum 
(Moloney, Hatten 2001). The quality factor is a measure of how sharp the absorption 
curve is, and can be related to the amount of resistance using (Kinsler ct al. 1982): 
Q= W,. M Eq 4.9 Rr+RY+R' 
where the values of radiation and viscous resistance (R,. and R, ) take their specific 
values, and R (Pa s nf 
1) is the additional resistance attributable to the geomctric 
changes. The Q values for each absorption curve were calculated from the rccorded 
data and are given below in Table 4.5. The additional resistance, R, is calculated by 
subtracting the total resistance of the standard benchmark resonator from each 
additional resistance value derived from the test absorption curves. 
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Table 4.5: Q values and additional resistance. 
Cavity Test specimen (Or 
(Rad s-') 
'Im 
(Rad s-') 
Additional Resklance. 
R 01a % in ') 
Standeird benchmark- resomilor 1884.96 235.62 8.00 0.00 
Frucial CaWlY heration, v 
0 1884.96 2347,. 62 8.00 0.00 
1 1866.11 235.62 7.92 0.00 
2 1866.11 235.62 7.92 0.00 
3 1884.96 255.25 7.38 28.29 
Peýlbrulion Radius, P, (111m) 
1.5 1809.56 274.89 6.58 56.57 
1 1809.56 255.25 7.09 28.29 
0.75 1809.56 294.52 6.14 84.80 
0.5 1828.41 314.16 5.82 113.14 
Perforation Fraction Open Area P1 
0.1 1847.26 274.89 6.72 56.57 
0.05 1828.41 314.16 5.82 113.14 
0.02 1746.73 333.79 5.23 141.43 
0.01 1652.48 471.24 3.51 339.43 
Perforation Position, Pp (mm) 
35 1866.11 255.25 7.31 28.29 
25 1847.26 255.25 7.24 28.29 
15 1809.56 294.52 6.14 84.86 
5 1746.73 294.52 5.93 84.86 
Cavity Fin Spacing (mrn) 
3 1828.41 294.52 6.21 84.86 
2 1803.27 314.16 5.74 113.14 
1.5 1765.58 314.16 5.62 113.14 
1 1847.26 314.16 5.88 111.14 
Up-per: C: a: WEjF! 
ýim 
The resolution of the recorded absorption data restricts the ability to accurately dcrivc 
the Q values, and subsequently the added resistance. Furthermore tile determination ot 
the Q value through inspection alone can underestimate values (up to 300o) (Bixva et 
al. 2005, Moloney, liatten 2001). 
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Comparing the resistances derived from the Q values, with those derived through 
comparison with analytical models in Section 6.1.1, it can be seen that Q derived 
added resistances are generally an underestimation. Also there is variability in the 
values for those samples where the cavity modifications cause in a shift in resonant 
frequency. This may be attributable to the assumption of a simple resonator model, 
assumed in Eq 4.9, which does not take into account any unforeseen reactance 
changes. 
it can be seen from the bandwidth and derived Q values that increasing the cavity 
hydraulic radius through the use of fractal shaped cavities provided the least amount 
of additional resistance of the three experiments. However an increasing bandwidth 
trend indicates that significant resistance could be achieved if higher fractal iterations 
were possible. This could be accomplished through the use of larger scale cavities, 
allowing a higher number of fractal iterations before the minimum feature size is 
reached. 
The inclusion of cavity restrictions in the form of a perforated layer provided the 
greatest absorption bandwidth increases; also changes in the fraction open area 
produced the greatest variance in bandwidth values. The use of perforations allows 
simple tailoring of the amount of resistance through changes in perforation size, 
fraction open area, and layer position. The fabrication problems encountered could 
possibly be overcome through design changes. The use of alternative perforation 
shapes such as slits may be more suited to SLS fabrication. Also a study comparing 
intended and fabricated perforation sizes could be used to accurately predict 
fabricated dimensions, removing the need to ream each hole to size. 
The inclusion of internal fins provided moderate bandwidth improvements, but 
produced less fabrication issues than encountered with the perforations. This makes 
the incorporation of fins the most successful approach overall. 
The inclusion of resistive features to the upper cavity area provides greater resistance 
than similar features situated lower down, within the region of planar air movement. 
The resistance of both the upper cavity perforated layer sample, and the, conformal fin 
ill 
sample was increased by forcing their interaction with the faster two dimcnsional air 
flow, closer to the cavity orifice. 
While the bandwidth of the upper cavity conformal fin test sample is greater than the 
other fin configurations, the overall performance is still less that that achieved by the 
incorporation of the two lowest fraction open area perforated layers. The increase in 
bandwidth at 0.4a is only half that achieved by the 0.5mm radius sample with 0.01 
fraction open area. Another factor limiting the suitability of the conformal fin 
structure for broadband absorption is its reliance on a large orifice size. Introducing 
fin openings to the orifice, whilst maintaining minimum fin size and separation 
dimensions (Imm and 1.5mm), gives a minimum orifice diameter of 6.5mrn if only a 
single fin is present. However this requires the fabrication of a 1.5mm central 
perforation, which as previously discovered would present complications regarding 
accuracy and powder removal. 
From inspection of the changes in resonant frequency it can be seen that the most 
significant changes to reactance were achieved through the addition of internal 
perforations with low fraction open area, and when features were added to the upper 
cavity area. This suggests that the upper cavity fins and the perforations placed 5mm 
from the orifice interact with the hemispherical mass of air emanating from the 
orifice, and consequently influence the effective mass and inertia of the neck air. 
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Chapter 5 
RM of Porous Structures 
The layer based selective deposition or solidification methods of some RM processes 
may be capable of producing porous topologies. While this is undesirable in the 
fabrication of vessels or enclosed volumes, it may present a method of producing a 
structure with controlled porosity. Porosity incorporated within RM produced 
components could be used to add high frequency absorption to a fabricated part. 
Alternatively porosity could be utilised to add acoustic resistance, potentially 
introducing a method of improving resonant absorber bandwidth, leading to 
broadband, single material absorption. 
The minimum feature size, achievable accuracy and support removal issues of the 
majority of currently available process, is not sufficient to be able to intentionally 
fabricate fine porous structures designed through CAD. However, discrete deposition 
/ solidification, and layer based stacking of solid material, may allow porous 
topologies to be produced and controlled via the inherent method of the fabrication 
process itself 
To ascertain the feasibility of producing these acoustic properties from RM processes, 
the absorption properties of various RM material samples should be determined. 
Alternative build strategies should also be tested where possible to ascertain the 
potential of controlling porosity within the fabrication process itself. To determine the 
resistive potential of any porosity discovered, samples should be mounted over a basic 
resonator configuration to ascertain any added resistance to the resonant effect. This 
chapter presents an investigation ascertaining the feasibility of producing these 
acoustic properties through different RM approaches. 
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5.1 Absorption Using RM Porosity 
To achieve porous absorption from parts produced using RM processes, an air 
saturated, open porous topology is required. Processes that solidify a bulk material 
can only achieve this if the excess material can be successfully removed from between 
pores, or if the bulk material possesses inherent porosity. Processes that deposit 
discrete areas of material are capable of creating air spaces between the regions of 
deposited material, potentially allowing a porous topology to be fabricated through 
alterations to the process parameters. These present three possible methods of 
introducing porosity using RM and form the basis of an investigation into porous 
absorption. 
The proposed methods of producing porous topologies require the selection of 
suitable RM processes. From the review of RM in Section 2.3 three processes were 
chosen based on their fabrication characteristics: The liquid based Stcreolithography 
(SLA) method is a selective solidification RM process capable of fabricating fine 
features. Excess build material can be drained out of unsolidified areas, revealing an 
air saturated structure. The Z Corp 3D printing process is a selective solidification 
RM approach which relies on inherent material porosity to add infiltrants during post 
processing. Fused Deposition Modelling (FDM) is a selective deposition method 
which lays fine extruded filaments of material. Increasing the spacing between 
adjacent filaments could lead to the fabrication of open porous topologies. 
The production of an open porous topology using the fabrication accuracy of SLA can 
be achieved using the QuickCast 2.0 internal build strategy. This strategy was 
developed to produce collapsible parts suitable for use as a sacrificial pattern for the 
investment casting of metals (Hague, D'Costa & Dickens 2001). It consists of a solid 
outer shell and a hexagonal internal porous network, and relieves modelling issues 
and file size problems associated with fine intricate structures. The pore size is in the 
order of lmm and the fabricated topology is shown in Figure 5.1a. To ensure any 
noticed absorptive effects are attributable to the fabricated porous topology, a set of 
non porous material samples were also produced for comparison, using the standard 
SLA build strategy. 
114 
(a) (b) 
Figure 51: QuickCast 2.0: (a) fabricated samples (b) structure schematic. " 
The porous network was exposed by removing the top solid Iace usi - 11ý0 a 
although stopping the build betore the top face was fabricated was also suggesied a, 
an alternative autornatic solution. The fabricated parts needed support structures to be 
built on one side, which required subsequent removal. The solid. standard built 
sample was tested with the smooth I'ace (which did not have supports) facljLý into the 
impedance tube. 
Inherent RM material porosity was investigated through the fabricat] 11 f oo 
uninfiltrated Z Corp test samples. This is the state in which the parts ernerge dlrcctlý 
after fabrication. The porosity of these 'green' parts is caused by air voids between (fie 
particles of the build material. These voids are usually infiltrated with secondary low 
viscosity materials, which solidify to increase the stren-gth ofthe part. For comparison 
infiltrated test samples were also produced with Z Bond and Paraplast infiltrants. 
To investigate the acoustic absorption of porous topolo-gics produced bY Hicreas'lig 
the spacing between selectively deposited filaments. tile fraction open area. or 
porosity, of samples produced using FDM were varied through alterations to the raster 
parameters of each layer. The process software allows the spacing between ad. 1,1ce"t 
2" Taken from R. I lague (2001 ). 
IIý 
rasters, and the filament thickness to be varied. This allows the Ilibricallon or j, 
random 3D porous structure. This approach has previously been Litiliscd for the 
development of biomedical tissue engineering, including bone scal'I'Ad structui-es 
(Leong, Cheah & Chua 2003, Too 2002). To gain a Ille! ISLII-C 01'1111C 11110LIIII 01'1)01-()Sl't%' 
through such a porous FDM structure, based oil the process parailleters alonc, the 
porosity was calculated using the raster xvidth Rif' (in), and raster spacing RS (111), 
depicted in Figure 5.2. 
Raylcr, spa( mv tRS) 
I 
t 
It /I ( /I, II 
Figure 5.2: FDN4 raster parameters. 
Figure 5.2 shows two fabricated layers. For one single layer the fraction open arca 
Cý 
RS ]. 
1'. Ll 5.1 
[RS 
+R H" 
The porosity percentage can be calculated by multiplying by 100. To obtain the 
combined porosity ofthe entire hatch pattern, the open area of must be inultil- ib I flied v 
the fraction open area ofthe second, orthogonal layer. As the parameters arc tile same 
the complete expression becomes, 
RS 
Eq 
RS +R It, " 
Samples 20mm thick with 5%, 10%, 259, 'o and 50, ý porosity were produced Lisim, 
calculations based on this fomiula. Samples were also produced Lising tile detaUlt 
build process parameters with no raster spacing for comparison. The build parameters 
H6 
used are detailed below in Table 5.1 and a measure of porosity is also given, based on 
the weight of each sample compared against the standard build strategy sample. The 
fabricated parts are shown in Figure 5.3. 
Table 5.1: Porous FDM process parameters. 
FDM Porosity, c 
(%) 
Raster Width, 
RW(mm) 
Raster Spacing, 
RS (mm) 
Measured 
Porosity, c 
Standard Build 0.508 0 0 
5 0.508 0.146 23 
10 0.508 0.235 29 
25 0.508 0.508 49 
50 0.508 1.23 70 
it can be seen that porosity value based on sample weight is much higher than the 
theoretical calculation. The simple porosity formula only considers the available 
process parameters and considers the hatch pattern to be two dimensional. In reality 
each layer is offset by a distance equal to the layer thickness of the process, thus 
producing voids under areas where the two layers of rasters do not cross. It also 
considers each filament to be of uniform section, whereas in reality the extruded 
section is more circular or elliptical. These simplifications are suitable for the 
purposes of providing a variable parameter for an empirical investigation, but would 
have to be revised for more detailed porous material characterisation. 
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Figure 5.3: FDM porous samples: (a) 5% (b) 10'), (') (c) 25'), ) (d) 50"o. 
A solid sample was also produced from SLS to ensure that porous absorpt, 01, is 
minimal, and confirm that the absorption results fi-orn Chapter 4 arc produced through 
resonant absorption alone. The RM porous contigurations arc SLITIlinarised in Table 
5.2. 
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Table 5.2: RM porous absorption test samples. 
Process Material / Process Variation 
Selective Laser Sintering DuraForm PA: Q- 20mm) 
Stereo Lithography DSM Somos Watershed 11120: (t - 20mm) 
QuickCast 2.0 Build Strategy: Q- 20mm) 
Z Corp 3D Printing Virgin ZP 130 Material: Q- 20mm) 
Paraplast X-TRA Wax Inf iltrant: Q- 20mm) 
Z-Bond 10 1 Infiltrant: (I - 20mm) 
Fused Deposition Modelling Polycarbonate Standard Build: (t - 20mm) 
5% Open Area: 
(E = 0.05, t 20mm, df = 0.508mm, k, - 1, s. 1.07) 
10% Open Area: 
(c = 0.1, t 20mm, df - 0.508mm, k, - 1, s. - 1.07) 
25% Open Area: 
(c = 0.25, t 20mm df = 0.508mm, k, = 1, s. 1.07) 
50% Open Area: 
(c = 0.5, t 20mm, df = 0.508mm, k, - 1, s. = 1.07) 
The absorption properties of each RM produced, porous structure was obtained using 
the impedance tube test method described in Appendix 1. To include higher frequency 
absorption, the smaller diameter impedance tube also had to be used. Consequently 
two samples for each test were produced, 100mm and 28mm in diameter. The 
thickness of all the samples was kept constant at 20mm for ease of fabrication and 
handling, although this thickness limits the lower frequency absorption. 
The absorption results from the impedance tube are shown in the plots below. As 
before, the results were acquired at a resolution of 3.125Hz and plotted on a 
logarithmic scale. The frequency range covers 250 - 3000 Hz, focusing on the area of 
mid to high frequency. For each sample the results from the two different sized 
impedance tubes were combined and averaged to give a single absorption curve 
within the dB Alpha Test acquisition software. Figure 5.4 depicts the absorption for 
the fabricated porous topology created using SLA, along with solid SLA and SLS 
material samples. Figure 5.5 shows the absorption of inherent material porosity using 
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different Z Corp samples, while Figure 5.6 shows the absorption results of producing 
porous topologies through modified FDM deposition parameters. 
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Figure 5.4: SLA Quickcast porous topology, standard SLA and SLS absorption. 
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Figure 5.5: Material absorption of Z Corp samples. 
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Figure 5.6: Absorption of FDM variable deposition samples. 
The combination of absorption data from the two different sized samples can result in 
discrepancies in the absorption curves at the points where the overlap In readings 
ceases, and a single data set takes over. This is most noticeable around 500 and 
16001-1z and is likely to be due to differences in calibration between the two tubes. 
The results show that the highly dense samples (SLA, SLS, Infiltrated Z Corp and 
FDM standard build) all exhibit minimal absorptive properties. The Quickcast SLA 
sample possesses a fabricated structured porous topology, produced using sI ctive , cc 
solidification of a bulk material. The pore size of this topology was too large to 
provide significant resistance to air movement through the structure, consequently the 
measured porous absorption effects were negligible. The inherent material porosity of 
the unifiltrated Z Corp sample possesses slightly higher absorption than the infiltrated 
parts, due to its higher porosity, however the overall level of absorption is still largely 
insignificant. The porous FDM parts, produced through the modification of the 
deposition process parameters, produced a fine porous structure, and bear a much 
closer resemblance to traditional porous absorptive materials, such as mineral wool. 
There are however, noticeable differences: The level of porosity is much lower (most 
fibrous porous absorbers are over 90% porous), the fibre diameter is much higher 
(around 500 [tm), and the uniformity of the structure is much higher. These material 
configurations provided the most absorption. As the raster spacing was decreased the 
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porosity and pore size were decreased, producing a higher flow resistivity, and 
consequently increasing the porous absorption. 
Following these results two further FDM samples were produced using a reduced 
fibre diameter qI = 0.305mm, the minimum size possible by varylilg the FDM process 
parameters. Two porosity values were fabricated, 10% and 5001'(') allowing comparison 
with two of the existing qf = 0.508mm samples. The raster spacing values used were 
0.141 and 0.737 mm respectively. The use of a thinner fibre diameter increases the 
surface area within the structure, and also decreases the effective pore size. The 
results of absorption of these thinner fibre diameter samples arc presented Mow ill 
Figure 5.7, along with the corresponding previous results of the same porosity, but 
incorporating a 0.508mm raster width. 
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Figure 5.7: Absorption of FDM variable deposition samples with 0.305mm raster 
width. 
It can be seen that the samples with the lower raster width give improved absorption 
results over the larger width samples of the same porosity. This can be attributed to 
the increased surface area within the material topology. The absorption of the 10% 
porosity sample with the thin raster width even gives improved absorption over the 
previous 5% porosity sample. 
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Of the three approaches aimed at achieving porous absorption through RM, varying 
the spacing between the depositions of material extruded using the FDM process was 
by far the most successful. The low resistance of the porous topology created using 
SLA was unsuited to porous absorption, while the material porosity inherent within 
uninfiltrated Z Corp samples was too low to achieve acoustic absorption. The use of 
the FDM process has proven its ability not only to produce porous absorbing 
topologies, but also to modify the absorptive properties through modifications to the 
process parameters. 
5.2 Resistance Using RM Porosity 
The porous absorbing topologies fabricated using the FDM process produced low 
tortuosity due to the highly structured nature of the material fibres. Modification of 
the material porosity influenced the flow resistivity through the sample, which was 
consequently the major coniributing factor to the level of porous absorption achieved. 
The ability to produce a material with a variable flow resistivity could be used to. 
cover the orifice of a Helmholtz resonator, providing a tailored amount of acoustic 
resistance to improve absorption bandwidth. The control of pore geometry achievable 
through the use of the FDM process offers the possibility to produce porous resonator 
coverings with high flow resistivity. This may offer a method of providing a suitably 
large amount of resistance to achieve significant absorption bandwidth improvements. 
it may also allow the fabrication of a high resistance - low reactance covering, ideal 
for promoting broadband resonant absorption. 
Conventional resonant absorbers use porous materials to either slow the motion of air 
around the orifice, or within the cavity. This is accomplished by either placing the 
porous material directly above or below the orifice, or by filling the entire cavity with 
the material. The application of the resistive material close to the orifice, takes 
advantage of the faster moving air to increase the resistive effects. The results relating 
to the absorption properties of the FDM samples produced using variable deposition, 
suggest that topologies can also be produced with different acoustically resistive 
properties. The application of resistive FDM porous topologies to improve resonant 
absorption bandwidth is investigated by mounting the existing FDM material samples 
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directly over the orifice of the standard benchmark resonator (see Appendix 2). ThIS 
configuration is depicted in Figure 5.8. While this configuration is suite(] to the 
mounting conditions of the impedance tube, and makes use ofthe existing porous test 
samples, the resistive effect is only influential in the hemispherical arca oI' all, 
movement surrounding the orifice entrance. 
Standard 
rcýwiiator 
Figure 5.8: Resistive FDM covering. 
The FDM porous coverings were mounted in turn over the standard benchmark 
resonator and scaled in place within the impedance tube sample holder. Tile 
absorption was measured at resolution of 3.125 I-Iz and plotted against a logarithinic 
frequency scale from 125 to 630 Hz, the same manner as the geometric cavity 
resistance results in Chapter 4. The three most porous samples (25%. 5Wýo, and 50"/o 
with thin, 0.305mrn raster width) all improved the resonant absorption bandwidth, 
these are depicted below in Figure 5.9. The other FDM material samples with lower 
porosity values provided a level of acoustic resistance too great, preventing any 
resonant absorption effect. This is demonstrated in the absorption results relatino to 
the 100/o porosity covering, also depicted in Figure 5.9. A dotted curve relating to tile 
standard benchmark resonator alone is also plotted for comparison. The values of 
absorption bandwidth when a exceeds 0.4, W (Hz), and resonant frequency F (Hz), 
are also depicted to indicate changes in resistance and reactance. 
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Figure 5.9: Absorption results of resistive FDM covering. 
The Q values of the three covering configurations with highest porosity, and their 
associated additional resistance values were derived from inspection of the absorption 
curves are given below in Table 5.3. The Q value for curve relating to tile 10% porous 
covering could not be detennined due to its level profile. 
Table 5.3: FDM Covering Q values and additional resistance. 
Porous FDM Covering Sample 
Porosity 
(Or 
(Rad s-1) 
Aw 
(Rad s-) 
Additional Resistance, 
R (Pa s m-) 
50 1709.03 471.24 3.63 339.43 
50 (df = 0.305inin) 1746.73 510.10 3.42 396.00 
25 1495.40 1001.38 1.49 1103.14 
It can be see from the absorption bandwidth and Q value results, that a large amount 
of resistance can be added through the addition of a layer of porous FDM material. 
The two coverings with 50% porosity provide a large amount of resistance, resulting 
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in large bandwidth increases. The 50% porous FDM covering, offers an improvement 
in bandwidth when a exceeds 0.4, of 103Hz. The 50% porous sample with thinner 
0.305mm fibre diameters, increases bandwidth by 119Hz. The 25% porous covering, 
introduced an amount of resistance large enough to over damp the resonator, resulting 
in a severe lowering of the peak absorption. The bandwidth improvement was less 
than the 50% porous sample with thin raster width, but still offered a substantial 
bandwidth improvement (113 Hz). The spike noticeable around 50011z on each graph 
can be attributed to a calibration error. As in the previous chapter, the values of 
resistance derived from the Q values are an underestimation compared to the 
analytical models in Section 6.1.1, reflecting the inaccuracy the Q derived method of 
resistance estimation. 
5.3 Discussion 
The investigation into porous absorption through RM has highlighted that the direct 
fabrication of designed features fine enough for porous absorption is beyond the 
capabilities of the current SLA process. Processes offering the ability to produce finer 
features, such as Micro Stereolithography, may offer the required feature size 
capability, although the limited scale of which parts can be produced would reduce 
their practical applicability. Porous absorption obtained through the inherent material 
porosity of RM parts produced using Z Corp 3D printing is also unsuccessful, due to 
the level of porosity being too low to allow air propagation through the material. 
Modification of the deposition process parameters relating to Fused Deposition 
Modelling, allowed tailoring of the deposited topology on a scale fine enough to 
produce significant porous absorption. This approach enabled customisable levels of 
porosity to be incorporated during fabrication. Modification of the process parameters 
has demonstrated the ability to alter the acoustic properties, producing topologies 
suitable for adding significant acoustic resistance to increase the absorption 
bandwidth of resonant absorbers, or capable of high frequency porous absorption. 
The added resistance to resonant absorption achievable using FDM porous topologies, 
derived from the deduced Q values, and from the analytical model in Section 6.1.1 is 
far greater than any of the RM examples based on cavity geometry. The higher 
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porosity samples with 50% porosity, in this example,. provided a suitablc amount of 
resistance to dampen the resonant effect of the standard benchmark resonator, and 
significantly increase the bandwidth of resonant absorption (an improvement up to 
119Hz). The 25% porosity, and the other lower porosity samples provided too much 
resistance to the air movement around the orifice, resulting in an over-damping of the 
resonant effect, and a decrease in overall absorption coefficient. These coverings 
could be modified to provide less resistanqe by decreasing the thickness of the 
material used, and would allow a high amount of resistance to be provided by a very 
thin layer of material. Additional resonator resistance using FDM could be achieved 
by adding a covering either side of resonator orifice, or by filling the cavity space. 
This approach to adding resistance is more flexible than the methods based on 
modifying cavity geometry, as the orifice size and cavity geometry do not restrict the 
addition of resistance. This, coupled with the ability to easily tailor the required 
amount and provide much higher levels of resistance, makes the use of the FDM 
process more suited to the development of a broadband RM enabled acoustic 
absorber. 
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Chapter 6 
Evaluation of RM Enabled Absorption 
The ability to modify cavity geometry and produce porous topologies using RM have 
both been exploited to provide damping to a simple resonant device, without the use 
of traditional fibrous materials or sub-millimetre orifice dimensions. The 
configuration of the simple, standard benchmark resonator was designed to have low 
inherent resistance allowing improvements in absorption bandwidth to be easily 
implemented. The resistance methods investigated have the potential to offer greater 
absorption bandwidth if incorporated within resonator configurations with greater 
inherent resistance, or perforated panel absorbers. The results of each resistive method 
have been compared using the improvement in absorption bandwidth they offer. 
However, the resistance derived from the Q values only gives an approximate 
indication of the resistive effect, and is limited by the 3.125 Hz resolution of the 
acquired absorption results. The porous absorptive properties of the topologies 
produced using the FDM process have also only been analysed and compared 
experimentally. 
This chapter compares and evaluates the resonant and porous absorption results 
against the theories presented in Chapter 3 to derive predictions relating to the 
theoretical characteristics and performance parameters of each method. These 
parameters can then facilitate the incorporation of the investigated RM absorption 
methods in the design of broadband absorbing devices. 
By comparing the measured absorption of the RM fabricated resonant cavity absorber 
configurations to theoretical predictions, parameters relating to added resistance can 
be derived and a more accurate and informed evaluation of the various resistive 
additions can be achieved. This then allows the development of improved resonant 
absorber designs, incorporating tailored amounts of added resistance. 
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The application of high frequency FDM porous absorption also requires further 
evaluation in order to accurately predict the absorption and enable the development of 
improved absorber designs. Comparison of the measured absorption results to the 
porous absorbing theories will uncover how the absorption properties of RM porous 
absorbers differ from traditional materials. 
The conformity between the measured and predicted absorption results of both 
absorption methods will ascertain the suitability of the presented theoretical models in 
predicting the performance of novel RM enabled absorber types. 
6.1 Evaluation of RM Resonant Absorber Resistance 
The evaluation of the resonant absorption bandwidth improvements in Section 4.5 and 
Sectiorr 5.2, allowed the effects resulting from the added resistance to be compared. 
At low levels of resistance, changes in bandwidth are small, and susceptible to 
rounding errors associated with the frequency resolution of 3.125 Hz. The subsequent 
error in the determination of the Q value through inspection alone, leads to 
inaccuracies in the derived resistance. Evaluating the measured absorption curves' 
characteristics in more detail will lead to a more accurate and informed measure of the 
performance of each resistive method. An improved measure of acoustic resistance 
wift also allow the incorporation of the resistive methods within resonant absorber 
design formulae, leading to ftirther, improved RM enabled, resonant absorber designs. 
Once the added resistance values of each method have been accurately established, 
the differences can be more reliably compared and the most suitable method for 
adding resistance determined. The amount of resistance achieved and ease of 
fabrication must both be considered when comparing the different resistive methods. 
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6.1.1 Evaluation of Acoustic Resistance 
The amount of acoustic resistance added by each method can be estimated by 
comparing the measured absorption to that predicted using the theoretical models. The 
value of added resistance can then be inferred from the model parameters. These 
parameters can then be used to compare the performance of different resistive 
configurations. To produce absorption predictions for each of the RM resistive 
methods a theoretical impedance model based on Eq 3.17 from the work of Ingard 
(1953) was used. This includes a coefficient R (Pa s m-1) which represents the amount 
resistance over that predicted by the model, attributable to the added resistive features. 
The resulting impedance equation is given by, 
F pck 
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Eq 6.1 
The corresponding absorption curve is then produced using Eq 3.18. This impedance 
model is based on the prediction of the resonant response of a single resonator 
configuration with added resistance provided by simple resistive measures. Therefore 
the assumption is- made that the resonant response of the RM fabricated single 
resonant absorber, with alternative resistive measures will be equivalent to the more 
traditional configurations that the model was derived from. While efforts have been 
made to avoid additional absorptive effects, including second resonant modes, the 
complex nature of the cavity additions may introduce absorption discrepancies. 
To ensure that the model parameters accurately reflect the characteristics of the 
measured absorption, the curve created from the model must be fitted to the curve of 
the measured results. Firstly the peak frequencies of the measured and theoretical 
absorption curves are matched; this can be accomplished by altering the cavity 
volume parameter, V within in the model. Since cavity volume only affects the 
imaginary reactive part of impedance, the curve shape defined by the resistive, real 
part of the equation is not affected. Secondly the shape of the curve is altered by 
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changing the value of the added resistance R, until reasonable agreement between the 
measured and predicted absorption is achieved. 
A measure of the agreement between the two curves can be obtained by calculating 
the mean squared difference between the two curves at each data point. The value 
obtained is known as mean squared error (MSE), 
MSE= 1 (XI -x 1)2 Eq 6.2 n 
where x'i is the theoretical value, x; is the measured value and n is the number of data 
points. The MSE value of curves with different amounts of added resistance R, can 
then be compared to determine the added resistance value that best fits the measured 
results. A reasonable estimation of the amount of resistance provided by each method 
can be obtained by varying the resistance coefficient R of the model, to 3 decimal 
places, until a minimum MSE value is reached. 
This method of estimating added resistance is exemplified below using the standard 
benchmark resonator described in Appendix 2. The absorptign values measured at 
each 3.125Hz interval were compared with the same frequency points from the 
theoretical model, over the frequency range where the resonant curve predominates 
(125Hz - 630Hz). The peak resonant frequencies of the two curves did not require 
matching as they were already coincident. The added resistance of the model was 
varied at a resolution of 3 decimal places, until a minimum MSE value was achieved. 
Normalised resistance values (Rlpc) were used within the analysis to allow sensible 
increments in resistance to be made. The analysis is show in Table 6.1. 
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Table 6.1: MSE analvsis. 
Added Resistance 
Rlp c 
MSE (XIO-4) 
0 16.187 
0.1 10.386 
0.05 3.994 
0.04 4.715 
0.06 4.010 
0.055 3.914 
0.056 3.919 
0.054 3.916 
It can be seen that a minimum MSE value is obtained at a resistance \, 1111C of'O. 055, 
which corresponds to 22.03 Pa s m-1. Analysing normallsed resistance to 3 dccinial 
places, ensures the Corresponding resistance estimate is optimal within 0.4 Pa s in-'. 
Figure 6.1 shows the measured absorption curve (solid), and the cur\c of best fit 
based on the theoretical model (dashed). The annotated values (, i%, c an indication of' 
the resonant frequency F, (Hz), the aniount of additional resistance R (Pa s in'). and 
the MSE agreement value oftlic fitted curves. 
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Figure 6.1: Standard cavity resistance. 
The small amount of additional resistance that is present in the standard resonator (22 
Pa s m-) can be attributed to the surface finish produced as a result of using the SLS 
process. The derived value of R is dependent on the accuracy of tile theoretical model 
as well as the quality of the measured results. Therefore without a direct measure. the 
value of R will be a best estimate. 
The resistance of the geometric cavity modifications and the porous FDM coverings 
were also derived using this method. These are shown in Table 6.2 along with the 
MSE agreement values, indicating the closeness of fit of theoretical absorption curve. 
The derived resistive trends relating to each test group are depicted graphically in 
Figure 6.2. 
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Table 6.2: Absorption properties and derived resistance reference table. 
Resistive test specimen Max a 
H 
Bandividth (d' 
a >0.4, (liz) 
Added resistance. R 
(I'a s 111-1 
ISE 
(x 10-) 
Fraclal iteration, v CavilY shape/ hy(b-aulic raelius (Section 4.2) 
0 0.52 31.25 10.82 3.33 
1 0.56 34.38 19.63 2.27 
2 0.59 40.63 27.27 3.57 
3 0.67 46.88 43.27 2.45 
Peýlbration radius, Pr On"O Internal cavily peýlbrations (Section 4.3) 
1.5 0.78 59.38 79.32 4.27 
1 0.82 65.63 96.15 7.26 
0.75 0.91 81.25 155.84 5.75 
0.5 0.95 87.50 191.50 12.54 
Fraction open area, i: 
0.1 0.84 75.00 110.97 5.97 
0.05 0.95 87.50 191.50 12.54 
0.02 0.99 103.13 279.64 16.42 
0.01 0.96 137.50 556.47 10.28 
Perforation Position, P,, Own) (v = 0.05, a= 0.7.5 peýlbrations) 
35 0.79 65.63 89.34 12.66 
25 0.83 71.88 106.97 12.67 
15 0.91 81.25 155.84 5.75 
5 0.97 87.50 18-5.09 13.95 
Finspacing, xj (nun) Internal caviývfins (Section 4.4) 
3 0.81 71.88 104.56 4.32 
2 0.86 78.13 134.61 5.46 
1.5 0.87 78.13 142.62 5.27 
1 0.92 87.50 177.47 4.21 
Upper caviti, fins 0.99 92.50 194.70 8.89 
Porosiol, c ('10 FDMporous covering (Section 5.2) 
50 0.94 140.63 661.03 14.46 
50, (thin track width) 0.91 156.25 836.10 12.43 
25 0.55 1ý0 2271.94 17.97 
Standard Benchmark 
resonator 
0.57 37.50 22.033 3.91 
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Figure 6.2: Derived resistance trends. 
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Perforation Radius 
From the resistance plots and the reference table, it can be seen that the level of 
resistance offered by the porous FDM materials is higher in all cases than any of the 
resistive geometric cavity modifications. The range of resistance demonstrated is also 
greater than any of the other methods (1611 Pa s m-1). Of the geometric resistive 
approaches the greatest amount of added resistance (556 Pa s m"), and the broadest 
range of resistance (445 Pa s m"), is achieved through variation of the fraction open 
area of internal perforations. The success of these two methods highlights that 
modifications or additions which restrict the motion of air by reducing the open area 
of sections where air oscillates, are the most effective; reducing the open area results 
in increased resistance. The plot depicting the resistance associated with the position 
of the perforated layer indicates that theserestrictions are more influential when they 
interact with the faster moving air adjacent to the resonator neck. The increasing 
resistance trends associated with a decrease in perforation size or a decrease in the 
porous FDM raster width, highlight that narrower flow paths serve to increase viscous 
resistance. 
Although small, the resistance associated with the decreasing hydraulic radius of 
fractal cavity shapes increases with each fractal iteration, v. Sapoval (1997) theorised 
that this increase is exponential following a 2' relationship. The resistance value from 
the i) =0 sample represents the amount of additional resistance, over that predicted, 
attributable to increased viscous losses caused by the rough material surface. To 
determine the resistance caused by decreasing the hydraulic radius (HR), this value 
must be removed from the other derived resistance values. The details of this analysis 
are shown in Table 6.3. 
Table 6.3: Resistance attributable to hydraulic radius 
Fractal. 
iteration, v 
Inferred 
resistance 
(Pa s m") 
Resistance attributable 
to decreasing HR 
(Pa s m-1) 
Percentage 
increase 
0 10.82 0 
1 19.63 8.81 - 
2 27.24 16.42 186 
3 43.27 32.45 198 
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The increase in cavity resistance of the v=2 and v=3 samples, approximately 
doubles from that of the previous sample. This pattern is reasonably consistent with 
the exponential 2' relationship theorised by Sapoval (1997). The v=0 results cannot 
be included in validating this relationship as the value of resistance includes 
additional components of both cavity and neck resistance. 
Assuming the use the 2' relationship, the amount of additional cavity resistance 
offered by the square v=0 sample, above that predicted, can be estimated at 4.4 Pa s 
m7l. Subsequently the additional resistance attributable to the neck becomes 10.82 - 
4.4 = 6.42 Pa s m7l. It can also be predicted that an iteration level, of v=7 would be 
necessary in order to achieve a significant level of resistance, in the same order of 
magnitude as the characteristic impedance of air (= 415 Pa s m"). This is well beyond 
the capability of current RM processes for a fmctal of this scale, but could be 
achievable using larger cavity sizes. 
The plot depicting the resistance associated with the addition of internal cavity fins 
shows a trend of increasing resistance as fin spacing is reduced. This can be attributed 
to improved viscous resistance due to an increase in the number of fins (and 
consequently surface area), and a reduction in the size of the flow paths. Further 
resistive improvements were achieved through the application of internal fins to the 
area of faster moving, two-dimensional airflow at the top of the cavity. This was 
demonstrated using a conformal, fin design, aimed at increasing losses within the 
upper cavity area, inspired from the success of the application of perforations to the 
upper cavity area. This design aimed at combining the most significant effects from 
the study of resistive cavity geometry, whilst also considering material and process 
restrictions. The amount of resistance achieved by the upper cavity fin design (195 Pa 
s in") was sufficient to maiimise the absorption coefficient at resonance, but was not 
sufficient to provide substantial improvements in absorption bandwidth. 
Control over the amount of added resistance was shown to be possible through 
changes to internal feature configuration (fin spacing, perforation size, perforation 
fraction open area), as well as changes to the cavity hydraulic radius. It may be 
possible to predict the amount of added resistance of each of these simple resistive 
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geometries using their design variables, but is beyond the scope of this work. The 
upper cavity fin design incorporates more geometric variables, and interacts with 
more complicated 2-dimensional airflow. Factors such as the complexity of the air 
channels, orifice size and expansion ratio (orifice to cavity size ratio), may affect the 
amount of resistance achievable. Prediction of resistance from these more complex 
design variables would become an impossible task to calculate by hand, and would 
require a more discretised computational analysis to predict its acoustic influence. 
As suggested by the derived resistance trends, as well as the theoretical curves 
relating to perforated layer resistance and viscous resistance (previously depicted in 
Figure 4.10 and Figure 4.18), high levels of resistance using internal cavity features 
can only be achieved using features in the order of the thickness of the viscous 
boundary layer (<Imm). The developed internal cavity features indicate that only a 
finite amount of resistance can be achieved without introducing sub-millimetre 
features. This limits the applicability of RM fabricated, resistive internal features, to 
resonant configurations only requiring a low amount of added resistance. 
The use of porous FDM material to provide acoustic resistance has been shown to 
achieve large amounts of acoustic resistance. Samples incorporating 50% porosity, 
covering the resonator orifice, provided a suited amount of resistance for the resonator 
configuration tested, significantly increasing the bandwidth of absorption. Decreasing 
the porosity and the fibre diameter resulted in an increase the added resistance. When 
lower porosity samples were tested, the magnitude of resistance achieved was too 
high, and decreased the resonant absorption effect. Unlike the addition of internal 
cavity features, the use of a porous FDM resistive covering is capable of providing 
more resistance than is required. The reliance on a configurable topology to achieve 
resistance allows flexibility in the application of resistance to an acoustic resonator. 
Unlike the conformal fin design, and other internal features that require uniform 
cavity configurations, FDM porous resistance can be applied as a covering or within 
the cavity, irrespective of cavity or orifice shape. 
Control over the amount of added resistance can be achieved through varying the 
process parameters relating to track spacing and track width, which directly affect the 
material porosity, and the fibre diameter. Further material characterisation is 
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necessary to determine the exact relationships, and allow resistance prediction directly 
from process parameters but is beyond the scope of this work. 
The derived resistance trends for each test sample reflect the measured absorption 
bandwidth increases in most cases. The exception is the case when the resonant cffcct 
is over-damped with the 25% porous FDM covering. Resistance analysis indicates 
that the very higý level of resistance offered (2272 Pa s M"), is too great for the 
resonant configuration, decreasing the overall absorption. 
The MSE values for each fitted absorption curve are generally low, particularly in the 
fractal cavity shape, and internal fin tests. The higher resistance internal perforation 
tests and the very high resistance FDM coverings produce greater error between the 
experimental and analytical curves. This indicates that the model used is not as 
accurate at predicting the response of high resistance configurations. Alternatively, 
the unconventional nature of the methods of adding resistance may affect the ability 
of the theoretical model in predicting the absorption. The maximum MSE noticed was 
17.97 x10-4 (25% porous FDM covering) which equates to a mean deviation of 
± 11 
-7.97x 10 -4 = ±0.04a. This is comparable to the level of measurement uncertainty 
(0.02a) as determined in Appendix 2, and is acceptably low. 
6.1.2 Fabrication Evaluation 
The use of the SLS process to fabricate cavity features highlighted accuracy issues 
relating to small perforations, and powder removal problems from deep, narrow 
channels. These issues became particularly problematic when the dimensions 
involved were in the order of Imm. or less. The use of a more accurate RM process 
may enable finer features to be more successfully fabricated, although process 
limitations would still exist, ultimately restricting the amount of resistance possible. A 
liquid based selective solidification method (such as Stereolithography), or a 
deposition based process would alleviate the powder removal issues. Both approaches 
would require separate support structures for overhanging features, introducing new 
fabrication limitations to the internal features. 
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The majority of the cavity features produced required separate fabrication, and 
subsequent assembly into the body of a resonator. This was only a minor 
inconvenience for the purposes of producing test samples. However, the ability to 
incorporate acoustic absorbing structures within RM parts during fabrication is a key 
advantage of the RM approach, and has potential to add value to any part produced. A 
requirement for post fabrication assembly restricts the possible design complexity as 
compound, nested or convoluted features cannot be easily assembled by hand. 
The fabrication of a highly resistive FDM porous material can be produced through 
modifications to the process build parameters. The fabrication of a simple material 
sample requires the removal of a thin layer of support material from the bottom face. 
Th is can be easily achieved as the support material is different from the build 
material, and can be peeled away from the main part. More complicated geometries 
with overhanging features may require the removal of internal support structures. If 
the area being supported is inaccessible a water soluble support material can be used. 
The process software only allows the modification of the raster properties of 
individual layers. Therefore the porous properties within a single layer can not varied; 
however a produced FDM part can possess different porous configurations on 
different layers, introducing the possibility of a graded porosity structure. 
The testing in Chapter 5 showed that the FDM standard build parameters produce a 
non porous structure. This makes it suited to the fabrication of a sealed acoustic 
resonator structures, and introduces the possibility to fabricate a resonant cavity 
absorber incorporating a porous resistive layer, as a single build. In this way 
resistance can be designed into the structure of the resonator itself, fully incorporated 
after fabrication, requiring no separate assembly. 
6.1.3 - RM Resistance Conclusions 
While the fabrication method of deposition based processes such as FDM is not as 
flexible as that of SLS, precise control of the deposition parameters allows a topology 
with highly resistive properties to be produced. Process restrictions, such as the 
requirement for separate support structures, imply that FDM cannot produce complex 
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features with the same level of freedom as SLS. However the resistance provided by 
the topological configuration alone is far greater than that achieved using the 
incorporation of complex internal cavity features produced using SLS. For internal 
cavity features to be able to offer the same level of resistance, features fabricated on a 
sub-millimetre scale must be used. This is currently beyond feasible fabrication 
capabilities of the majority of RM processes. These observations indicate that the use 
of porous FDM topological configurations is the most successful method of adding 
acoustic resistance to RM fabricated resonant absorbers. 
6.2 Evaluation of RM Porous Absorption 
Of the different RM approaches aimed at providing porous absorption, the most 
successful was the use of porous FDM topologies, created through modifications to 
the process deposition parameters. The measured absorption characteristics in Section 
5.1 indicated that different absorptive properties could be produced by varying the 
porosity and filament thickness. This investigation highlighted the effect of changing 
these parameters, and identified highly absorbing configurations. This empirical 
information allows comparison between the different test specimens, but a further 
analytical description is required to predict the absorption of these topological 
configurations when incorporated in alternative absorber designs. 
The porous topologies produced using the FDM process possess unconventional 
porous absorber characteristics. Low porosity, large fibre size and a highly structured 
fibre orientation, may restrict the applicability of traditional porous absorber 
theoretical models. To determine the suitability of applying existing theoretical 
models to predict the porous absorption of the FDM topologies, the physical 
characteristics were applied to both empirically derived, and theoretical porous 
absorption models. 
The empirically derived model described in Section 3.2, based on the work of Delany 
and Bazely (1970), is only accurate over a limited frequency range, and for a limited 
range of material flow resistivity, a (Pa s m-2). The improved empirical model 
proposed by Komatsu (2008) is more suited to the low porosity, high density 
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configuration of the porous FDM topologies. The theoretical model based on the work 
of Johnson, Allard and Champoux, described in Section 3.2 describes the acoustic 
response using characteristic lengths based on the porous microstructure, and unlike 
the Komatsu model is more generic in its applicability. To compare the predictions of 
these two different modelling approaches each was used to predict the absorption of 
FDM samples with two different porosities (10% and 50%), and also of the samples 
with the same porosity but reduced 0.305mm raster width. 
The Bies and Hansen model for flow resistivity (Eq 3.30), was used to predict the 
resistivity of each of the porous samples. The calculated values are given in Table 6.4. 
Table 6.4: Resistivity of porous FDM samples 
Porosity, c Raster / Fibre 
Width, df (mm) 
Resistivity, a 
(Pa S M-2) 
0.1 0.508 1657 
0.1 0.305 4596 
0.5 0.508 674 
0.5 0.305 1870 
The empirically based Komatsu approach for characteristic impedance (Eq 3.41), and 
wavenumber (Eq 3.42), were applied to the various FDM absorber configurations, and 
the absorption results were obtained. Figure 6.3 compares the absorption relating to 
changes in porosity, while Figure 6.4 compares the absorption relating to changes in 
raster width. Equation constants relating to air at 20*C and one atmosphere were used; 
p=1.2041 kg rd3,11 = 1.84 x10-5 kg s" in-. Material constants relating to fraction 
open area c=0.1, c=0.5 were used for the two different porosities, while values of df 
= 0.508mm and df = 0.305min were used for the different fibre diameters. A constant 
sample thickness of t= 20mm. was used throughout; the sample was assumed to be 
mounted on a rigid termination. 
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Figure 6.3: Absorption prediction of FDM samples (Komatsu model(K)). 
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Figure 6.4: Absorption prediction of FDM samples with reduced (0.305mm) raster 
width (Komatsu model(K)). 
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The predicted results of the Komatsu model do not fit those of the experimental data, 
but the trends noticed are similar. Decreasing porosity and raster width (effective fibre 
size) give improved absorption characteristics, as noticed in the experimental testing. 
The results relating to the higher porosity 50% sample are a closer match to the model 
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than the 10% porosity sample; this may be because the porosity levels arc closer to 
traditional porous materials, on which the empirical measurements used to derive the 
model are based. For this reason, the highly unconventional porous FDM structure is 
unlikely to fall within the applicability of the model, particularly at low levels of 
porosity. 
The application of the theoretically based Johnson-Allard-Champoux model, 
described from Eq 3.43 to Eq 3.53 in place of the Komatsu approach, involves less 
empirical'correction coefficients, and depends more heavily on the topology of the 
porous structure. The unconventional nature of the FDM porous material is more 
suited to this approach; however assumptions still have to be made when 
characterising the pore structure. Also the predicted flow resistivity valucs are still 
reliant on the empirical Bies and Hanson relationship. 
Classifying the material as a uniform structure with parallel square pores allows 
relatively simple prediction of some of characteristic dimensions and properties. The 
tortuosity (Q can be set at I as the sound is at normal incidence. For pores that have a 
uniform cross section throughout their length, the air velocity can be considered 
constant, and for this case the shape factor A is equal to the hydraulic radius, that is, 
twice the pore cross-sectional area divided by the pore perimeter (Allard, Champoux 
1992). This arrangement also yields A' = A, 
A= A'= 
2RS2 
Eq 6.3 
4RS 
The shape factors for each porous FDM configuration calculated using Eq 6.3 are 
given in Table 6.5. 
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Table 6.5: Porous FDM shape factors 
Porosity, E Raster / Fibre 
Width, qf (mm) 
Raster Spacing, 
RS (mm) 
Shape Factors, 
A =- A' (xlO 
4) (M) 
0.1 0.508 0.235 1.175 
0.1 0.305 0.141 0.705 
0.5 0.508 1.230 6.150 
0.5 0.305 0.737 3.685 
Figure 6.5 shows the results of applying this theoretical model to the two difl-crent 
porosity FDM samples, while Figure 6.6 compares the samples with thinner 0.3051-nm 
raster spacing as before. The values of flow resistivity calculated in Table 6.4 are 
used, as well as environmental constants relating to air at 20'C and one atmosphere, p 
-3 M-2, N= = 1.2041 kg m, il = 1.84 XIO-5 kg s-1 m-1, ), = 1.4, Po = 101,320 N p,. 0.702. 
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Figure 6.5: Absorption prediction of FDM samples (theoretical Johnson-Allard- 
Champoux model). 
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Figure 6.6: Absorption prediction of FDM samples with reduced (0.305mm) raster 
width (theoretical Johnson-Allard-Champoux model). 
The magnitude of the absorption coefficients resulting from the theoretical model 
provide a much closer approximation to the measured values than the simple 
empirical Komatsu model. For frequencies where absorption effects become 
significant (>80OHz), the trends for both changing porosity and fibre diameter are 
consistent with the measured samples, and the magnitude of change is closer to the 
measured trends. Despite these improved predictions the unconventional nature of the 
material still results in the theoretical predictions being an underestimation of the 
measured absorption. Assumptions relating to the material configuration and fibre 
geometry may be sources of prediction error, as may the empirically derived Bies and 
Hansen calculation of flow resistivity used in both models. This resistivity calculation 
is more suited to porous materials with high porosity, and therefore may not provide 
accurate predictions for the low porosity FDM topologies. Despite the inaccuracies of 
the theoretical predictions, estimates of absorption trends and an approximate 
response are possible using existing theory. Further material characterisation and the 
use of more elaborate, theoretically derived, flow resistivity calculations, is necessary 
for accurate prediction of these new FDM type porous materials, but is beyond the 
scope of this investigative work. 
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6.3 Development of RM Broadband Absorption 
The FDM process has been shown to be capable of depositing material in a controlled 
way such that a porous topology can be fabricated which possesses good acoustic 
resistance or porous absorption. The previous investigations have highlighted these 
capabilities, but have not explored the potential they introduce. Having derived 
theoretical values for the amount of acoustic resistance, and a reasonable prediction of 
porous absorption, an improved resonant absorber can be designed aimed at providing 
broadband absorption comparable with that achievable using existing methods. 
The microperforated panel absorber proposed by Maa (1998) offers broadband 
absorption over 3 octaves (250Hz - 200OHz), and achieves large acoustic resistance 
without the use of separate resistive materials. Single material broadband absorption 
is a common objective of the proposed FDM broadband absorber; therefore it 
provides an existing method to compare absorption performance against. 
6.3.1 Broadband Absorber Design 
The use of a perforated panel resonator configuration over that of a single orifice 
resonator, increases the absorption cross section, and is a more commonly employed 
absorber configuration. Absorption coefficient and bandwidth increases are achieved 
through additional resistance, commonly added in the form of a cloth, screen or other 
porous covering (Ingard 1953). When the covering is directly behind or in front of the 
perforations it behaves as if it were actually in the openings (Cox, DAntonio 2004). 
Resistance can also be applied by filling the cavity with porous material, or provided 
by micro-perforations as previously discussed. Further bandwidth improvements can 
be achieved by incorporating two resonant layers, tuned to different frequencies. 
Placing a perforated panel construction tuned to a high frequency, above that of one 
tuned to a lower frequency, can be used to produce a wider band. of absorption if the 
response curves are designed to overlap (Jinkyo, George & Swenson 1992, Kang, 
Fuchs 1999). 
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The design of a dual layer perforated panel resonant absorber incorporating porous 
FDM topologies to achieve the required acoustic resistance, demonstrates the 
potential of RM enabled, single material, broadband absorption. Furthermore, porous 
absorptive properties could also be added using alternative FDM topological 
configurations. 
Freedom of design is a common advantage of all RM processes and for this 
application allows any perforated panel configuration to be rcalised. Orifice 
dimensions, orifice spacing, cavity depth and the thickness of resistive material, can 
all take on arbitrary values and are not constrained by generic tool sizes or stock 
material size conventions. More complex configurations including dual layer 
absorbers can also easily be produced. The acoustic resistance that can be provided by 
modifýing FDM process parameters can be used to add the correct amount of tailored 
resistance to the perforated panel, or panels, improving their bandwidth of absorption. 
Similar changes to the process parameters can be utilised to make the area 
surrounding the perforations absorb higher frequencies through porous absorption. 
The low porosity (5% and 10%), samples tested in Section 5.1 exhibited sighificant 
porous absorption over 160OHz. However these low porosity configurations were not 
suited to providing added resistance to resonant absorption. When placed over the 
standard benchmark resonator in Section 5.2 they provided too much resistance, and 
changed the effective density of the oscillating air emanating from the neck, adding 
mass reactance. This served to almost completely diminish any resonant absorption. 
The use of variable porosity configurations in the production of a perforated panel 
absorber offers potential to add high frequency porous absorption on top of the low 
frequency resonant absorption. A combined dual layer perforated panel structure 
incorporating tailored acoustic resistance and high frequency porous absorption has 
the potential to produce a large range of absorption, if the effects of the two 
resonances and that of the porous absorption can be made to overlap. 
The preceding pages describe the design, fabrication and testing of a dual layer 
resonant absorber, incorporating acoustic resistance and additional high frequency 
porous absorption provided by porous FDM topologies. Reference can be made to 
Figure 6.8 which schematically depicts the absorber's configuration. 
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The use of the FDM process in the fabrication of this proposed absorber introduces 
design constrains, restricting the extent to which all of the aforementioned features 
can be incorporated. The perforation radius should be above 2mm to ensure 
fabrication success and accuracy; this in turn affects the perforation fraction open area 
and cavity depth options. The impedance tube test method limits the total sample 
depth to zlOOmm to ensure compatibility with the test piece holder, and also makes 
the absorber comparable with the other samples previously tested. This restricts tile 
thickness of the resistive coverings and the perforated plates, affecting the arnount of 
resistance that can be applied and the low frequency limit of porous absorption. 
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Figure 6.7: Effect of varying material thickness on porous absorption. 
The required configuration of the resonant geometries of the dual layer perforated 
panel construction, are established by considering the lower frequency limit of the 
upper porous absorption effect. From the porous absorption trends revealed in tile 
testing within Section 5.1, a configuration combining 5% porosity and 0.305mm fibre 
diameter promotes low frequency response. Using the theoretical, Johnson-Allard- 
Champoux model of absorption (Eq 3.43 to Eq 3.53), the absorption curves shown in 
Figure 6.7 were produced for different thicknesses of this FDM configuration, 
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Section 6.2 highlighted that the accuracy of these predictions is restricted by the use 
of topological assumptions and the use of the Bies and Hansen expression for flow 
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resistance. However, the comparison of the measured absorption results and the 
theoretical curves indicate that the predicted absorption values, in all cases are an 
underestimation. With this considered, an upper perforation layer depth of 10mm 
provides significant porous absorption over 300OHz whilst helping to keep sample 
depth to a minimum. 
The resonant response of a complementary dual layer perforated panel absorber, must 
consider the combined impedance of both perforated panels and their associated 
cavity spaces. This has been previously accomplished by considering the resistive and 
reactive impedance components to be analogous to electrical impedance (Kang, Fuchs 
1999, Maa 1975). The components of impedance relating to orifice resistance, orifice 
mass reactance, and cavity reactance, are treated as series elements within a circuit. 
The addition of a second layer of perforations can then be simply modelled as a 
second series circuit connected in parallel with the first. This theory can be extended 
to include an arbitrary number of perforated panels, allowing further increases in the 
resonant absorption bandwidth (Asdrubali, Pispola 2007). The accuracy of impedance 
prediction has been improved through the use of alternative impedance transfer 
modelling (Zou et al. 2006). Similar multiple layer resonant structures have been 
proposed for use as sound barriers without the inclusion of a rigid backing; the second 
layer of perforations partially acting as the backing wall. Their performance can be 
estimated through the consideration of both acoustic absorption and transmission 
analysis (Asdrubali, Pispola 2007, Sakagami, Morimoto & Koike 2006). 
The impedance of a single perforated layer, derived from Eq 3.20, includes added 
resistance, R (Pa s ni-1), 
pj iWPIP Eq 6.4 zp +1)48pco+R+ 
where the added resistance R (Pa s m-) provided by a resistive coverings of thickness 
(m) is calculated from, 
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R= 01. Eq 6. .5 
r 
The impedance of each associated cavity space is, 
-ipc cot 
(cod / c). Eq 6.6 
The impedance of a dual layer perforated panel configuration must combine the 
impedances of the individual layers. This is accomplished using the impedance 
transfer method (Zou et al. 2006), derived from the work presented by Maa (1975) 
and Kang (1999). 
Z =Z,,, -ipccot(cod, lc)+ 
I +, pc cot'(wd, / c) 
_ ipc cot(c z P2 Odl / C) _ jOc cot (O. Id2 /C), 
Eq 6.7 
where the subscripts I and 2 represent the values associated with the top and bottom 
resonant absorber configurations respectively. 
This theoretical model was used to design the resonant response of a dual layer 
perforated panel configuration. To complement the previously determined porous 
absorption, the design must provide resonant absorption below 300OHz, and extend as 
low as possible given the dimensional constraints. To maximise the viscous neck 
losses, the perforation radius should be as low as possible, but to ensure accurate 
FDM fabrication should not be less than 2mm, therefore a, = a2 = 2mm. In order to 
incorporate the 10mm porous absorbing layer within the resonant structure, the 
thickness of the top perforated panel is 11 = 10mm. To keep the overall depth of the 
combined composition to a minimum, the cavity depths di and d2 as well as the 
thickness of the bottom perforated panel 12, should be kept as low as possible. 
Observing all these design constraints, a dual layer perforated panel absorber was 
modelled using Eq 6.7 with the following variables: Top perforated panel: al = 2mm, 
0.2 8,11 =I Omm and 41 = 40mm. Bottom perforated panel: a2 = 2mm, C2 = 0.12,12 
5mm and d2 = 45mm. This configuration was chosen to provide resonant peaks 
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around 1600 and 700 Hz, and with the incorporation ol'additional resistancc, provide 
continuous absorption above 0.4u between the two resonant peaks and tile point 
where porous absorption takes over (300011z). This additional resistance can be 
provided through the use of porous FDM layers covering each perl'orated pancl. The 
thickness of these resistive coverings was limited to 8mm to keep the overall sample 
depth to a minimum, therefore a highly resistive porous conh. guration must be used. 
Following the acoustic resistance evaluation of' porous FDM topologies (Section 
6.1.1 ), a configuration with z: = 0.25 was shown to provide high resistance when use(] 
as a covering over the standard benchmark resonator. Resistance can be further 
increased through the use of a reduced (0.305mm) fibre diameter, allowing a IlIgh 
level of resistance from an 8mm thick covering. The broadband, dual perforatcd 
panel, test sample is shown schematically in Figure 6.8. 
a, 2mm, 1. -1 0.28,11 10nifn i., = 0.25 
- --- 
d, 0.305inni 
81nni 
1, = Io 
40nim 
v=0.05 
d1 ý 0.30iniiii 
(a) 
12,1., 
(h) 
Figure 6.8: Dual layer, broadband absorber schematic: (a) top section (b) bottom 
Section. 
Once the two sections are assembled the 8mm low porosity resistive covering, 
fabricated over the bottom perforated pailel, constitutes Snim of the 40rnm cavity 
depth associated with the top perforated pariel. 
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6.3.2 Broadband Absorber Fabrication 
Due to restrictions imposed by simultaneous research involving the available FDM 
machinery, the build material used for the dual layer absorber was PC-ABS, different 
from the Polycarbonate parts previously produced. The FDM material used to 
fabricate the parts is not an issue as the microscopic material properties are 
acoustically irrelevant; the resistive and absorptive properties are produced by 
topologies created via changes to the material deposition configuration, which are 
dependent on the process parameters only. 
The two layers were fabricated separately, orientated with the resistive layer face 
down to produce no overhanging features and alleviate the need for any support 
structures. The amount of post processing required was minimal; a thin layer of 
support material on the base of each section was easily peeled off, leaving behind the 
unrestricted open porous resistive coverings. The fabricated top and bottom layers are 
shown in Figure 6.9. The two layers were fixed together using M4 bolts running 
through specifically designed sealed channels within each section, so as to not 
protrude inside each resonator cavity. The bottom layer was sealed with a 2mm 
aluminiurn sheet, providing an acoustically reflective termination. The junctions 
I between the two layers and the aluminium base plate were sealed with silicone. 
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(a) (b) 
Figure 6.9: Fabricated dual layer broadband absorber: (a) top section (b) bottom 
Section. 
6.3.3 Broadband Absorption Predictions 
To predict the absorption of the FDM dual layer broadband absorber, the rcsistivilv (T 
(Pa S M-2) of the resistive covering layers must be determined. The Bies and I larisell 
expression for porous material flow resistivity (Eq 3.30) can be used, and vields an 
-2 estimation of 3477 Pa s rn . However the Inaccuracies of' tile previous porOUS 
absorption predictions in Section 6.2 have been partly attributed to this simple 
approximation of flow resistivity. To ascertain a more accurate Value 01' 110", 
resistivity, the absorption of the two perforated lavers were tested individually and 
compared against the theoretical model based oil a single perforated panel (ELI 6.4). 
The resonant frequency of each theoretical curve was matched to the measured peak 
absorption frequency, and the arnount ofadded resistance R (Pa s rn-) was estimated 
using the minimisation of the mean squared error between tile two curves, as 
described in Section 6.1.1. From this tile flow resistivity, (T (Pa s rn-2), of tile FDM 
topology covering each perforated layer, can be easily derived usim, Eq 6.5. 
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Figure 6.10 shows the absorption results of the individual perforated layers. The solid 
line represents the measured values, while the dotted curves are the fitted theoretical 
predictions. The derived values of flow resistivity cF (Pa S M-2 ), and the MSE 
agreement value (-) are also depicted on each plot. 
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Figure 6.10: Separate perforated layer absorption results. 
The normal incidence limit of the large impedance tube restricts the measured values 
to below 160OHz; only allowing comparison between the measured and predicted 
curves up to this point. Averaging the two obtained values of flow resistivity yields a 
= 5796 Pa s m-2 for the 25% porous FDM topology, incorporating 0.305mm raster 
width. This is considerably greater than the prediction obtained from the use of the 
Bies and Hansen expression for resistivity, highlighting its inadequacy in predicting Z: ' 
the characteristics of the FDM porous configurations. The discrepancies between the 
values of resistivity inferred from the two measured absorption curves may be a result 
of the frequency limit of the impedance tube, or could indicate that there are 
influences affecting the resonant response other than the resistivity of the covering 
material. The use of a low porosity, acoustically absorbing FDM topology to fabricate 
each perforated layer is not accounted for within the theoretical model and is a likely 
source of error. 
Using the average inferred value of resistivity, environmental constants relating to air 
at 200C and I atmosphere and the previously defined design dimensions, the 
theoretical response of the FDM dual layer broadband absorber can be determined. 
The resonant response is calculated using Eq 6.4 - Eq 6.7, and the porous response 
('= 8435 
MSE = 832 
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using Eq 3.43 to Eq 3.53. The design variables used in these calculations arc rcitcrated 
in Table 6.6 and the resulting absorption curves are depicted in Figure 6.11. Thc soii(j 
line represents the predicted resonant absorption while the dashed linc rcprcsciits 
porous absorption. 
Table 6.6: Dual layer broadband absorber design parameters. 
Design Value Top Layer Bottom Layer 
Resonant perforated panel parameters. 
Aperture radius a (mm) 
Fraction open area c (-) 0.28 0.12 
Aperture length I (mm) 10 5 
Resistive covering parameters 
Porosity 0.25 0.25 
Raster width / fibre diameter dj-(mm) 0.305 0.305 
Material thickness t (mm) 8 8 
Inferred resistivity (7 (Pa S M-2) 5796 5796 
Porous absorptive parameters 
Porosity E (-) 0.05 0.05 
Raster width / fibre diameter df (mm) 0.305 0.305 
Material thickness t (mm) 10 5 
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Figure 6.11: Predicted dual layer broadband resonant and porous absorption. 
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The bandwidth of the predicted resonant absorption at 0.4a is over 3 octaves 
(2234Hz), and is comparable to the range of the microperforated panel presented by 
Maa (1998). The. high frequency porous absorbing properties of the perforated panel's 
FDM topology, allow absorption to continue into the higher frequency range. The 
dotted curve predicting the porous absorption of the dual layer construction is based 
on the theoretical model of porous absorption from Section 6.2. This model produced 
underestimates of the measured porous absorption, suggesting that the material 
configuration used within the dual layer absorber construction would provide similar 
or superior 'absorption to the predictions shown above. This would allow the 
bandwidth of absorption to continue uninterrupted, past the limit of resonant 
absorption, and into the higher frequency range. 
6.3.4 Measured Broadband Absorption 
To ascertain the physical absorption properties, and the level of agreement with the 
theoretical predictions, the complete fabricated dual layer sample was mounted in the 
impedance tube and tested using the two microphone impedance tube method 
described in Appendix 1. The measured results are shown in Figure 6.12 as a solid 
line. The upper frequency limit of the large impedance tube again restricts the 
measured response to below 160OHz. Therefore the porous absorption predictions 
cannot be compared. The predicted resonant response from Figure 6.11 is plotted as a 
dotted line for comparison. 
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Figure 6.12: Measured dual layer broadband resonant absorption. 
The measured results offer reasonable agreement with the predicted curve. There is 
however a measurable discrepancy in the lower resonant peaks of II OlIz. The 
predicted peak absorption value is also 0.03a greater than the measured curve. The 
upper frequency limit of absorption measurement restricts the comparison of the 
upper resonant absorption curve. As the curve reaches the 160OHz limit of 
measurement the absorption coefficient begins to level after a steady increase. This 
trend follows that of the predicted curve, but appears lower in magnitude. Assuming 
the absorption continues to follow the trends of the predicted curve. absorption 
bandwidth when a exceeds 0.4 will be over 3 octaves as the model suggests, and 
comparable to the microperforated panel absorber. The differences in the maximum 
absorption values of the two resonant peaks, and the depth of the trough between the 
two peaks, indicates that the amount of acoustic resistance is less than that predicted. 
This could be due to the average resistivity value used, or the low porosity properties 
of each perforated layer. Further discrepancies may be attributable to inaccuracies in 
the models used in predicting the absorption of the dual layer absorber. The porous 
FDM topologies used to provide acoustic resistance and porous absorption are unlike 
the configurations of traditional porous materials, which the current theoretical 
models are based on. Therefore the measured response of these porous topologies may 
differ from traditional predictions. A more accurate prediction of acoustic response 
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requires the characterisation of the porous topologies fabricated using the FDM 
process. 
6.3.5 RM Broadband Absorption Conclusions 
The developed method of producing flexible, high level acoustic resistance from the 
FDM process has been used to produce a broadband acoustic absorber. By utilising 
freedom of geometry, and the ability to 'build in' porous material properties a dual 
layer, single material broadband acoustic absorber was produced comparable in 
performance to a microperforated absorber. This absorber configuration exemplifies 
the potential benefits of using RM, by combining porous and resonant acoustic 
absorption. The combination of these acoustic characteristics introduces the ability to 
produce a single material absorber capable of addressing both low and high 
frequencies. 
The scale of possible fabrication limited testing of the absorption properties to the 
impedance tube. The production of a narrow section of the dual layer resonator, 
suitable for the small 28mm impedance tube is not feasible due to design requirements 
such as cavity wall thickness and connecting bolts. Consequently testing could only 
be carried out in the large 100mm tube, restricting the frequencies that could be 
measured to less than 160OHz. The resonant and porous absorption above this 
frequency can therefore only be predicted based on theoretical models and previous 
high frequency testing results. Reasonable agreement between the results and the 
predictions of the resonant effect at lower frequencies indicates that similar 
correlation would continue. To confirm the high frequency absorption effects an 
alternative test method would have to be used. The use of a reverberation chamber to 
measure random incidence absorption would allow higher frequency measurements. 
However the sample sizes required are in the order of lOrn2, and are not feasible for 
fabrication using currently available FDM processes. 
The absorption predictions underestimated the amount of resistance provided by the 
material covering each layer of perforations. This can be attributed to the inability of 
the theoretical models to predict accurately the performance of the porous FDM 
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topologies used. A more detailed characterisation of porosity would be required to 
derive accurately the acoustic properties from the topologies produced using FDM, or 
from the process parameters. This could lead to the ability to fabricate a structure with 
predicable, customisable acoustic properties, directly, without the need for post 
fabrication characterisation of acoustic behaviour. 
Differences in the measured and predicted resonant frequencies were also 
encountered. The empirically derived resistivity was also different between the top 
and bottom sections. The transfer function matrix method of determining the dual 
layer impedance is based on a microperforated panel. This configuration has no 
separate resistive material covering the perforations. The configuration presented here 
includes a thickness of resistive material covering the bottom layer, which can also be 
considered to partially fill the cavity of the upper layer. This may introduce an added 
damping effect by adding cavity resistance that is not accounted for within the model. 
Its presence also reduces the cavity volume, which may affect the resonant frequency. 
Discrepancies between the measured and predicted results may also be attributable to 
the configuration of the material surrounding the perforations. By making one of the 
cavity boundaries slightly porous, the air contained in the cavity becomes less 
resistive to volumetric changes, effectively reducing the stiffness of the air within the 
cavity. This would have the effect of decreasing the resonant response and could 
potentially be utilised to reduce the volume required for low frequency resonant 
absorbers. 
The use of alternative theoretical models capable of combining the effects of different 
porous / resonant configurations, might well improve absorption predictions. 
Combining the impedance of multiple layers (Asdrubali, Pispola 2007) or including 
the effects of sound transmission through the combined structure (Sakagami, 
Morimoto & Koike 2006), should both be investigated as part of future work. 
The fabrication of 4 single material broadband acoustic absorber using RM has been 
demonstrated, without the use of additional fibrous materials or sub millimetre 
features. Furthermore the ability to vary porosity, using the FDM process, adds the 
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possibility to produce a combined resonant / porous absorber addressing both low and 
high frequency absorption. This addresses the principal aim of this research. 
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Chapter 7 
Conclusions 
7.1 The Application of RM to Acoustic Absorption 
The reduction of unwanted noise and the tailoring of the acoustic environment are 
possible through the use of acoustic absorbers. Traditional absorbers are bascd on 
simplistic manufacturing methods which restrict their design and discourage 
investigative research into their geometry. The use of RM technologies in the 
fabrication of acoustic absorbers offers considerably more freedom of design than 
traditional manufacturing processes. The ability to produce easily, small (= lmm), 
intricate features enables the production of more complex shapes, allowing an 
empirical investigation into absorber geometry. In addition, RM processes utilising 
the selective deposition of discrete areas of solid material introduce the ability to 
fabricate porous topologies with acoustic relevance. 
Low frequency Helmholtz type resonant absorbers rely on specific geometric 
configurations. Without adding acoustic resistance, their bandwidth of absorption is 
limited. Most practical resonant absorbers attain acoustic resistance through the 
inclusion of separate, undesirable materials or through the use of highly accurate, sub- 
millimetre features, which introduce manufacturing difficulties. RM offers a method 
of fabrication to address these issues through changes to the geometric resonator 
configuration, or by introducing porosity during fabrication. 
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7.2 Geometric Resonant Absorber Bandwidth Improvements 
Analysis of the existing theories and research relating to acoustic resonators 
highlighted the resonator cavity as an area with potential to provide the acoustic 
resistance required for broadband absorption. Resonator response is less susceptible to 
dimensional changes, and therefore manufacturing inaccuracies in the cavity, 
compared to similar changes made to the orifice. Therefore resistive cavity 
modifications do not require the same accuracy constraints as resistive orifice 
solutions (e. g. microperforated panels). The modification or addition of internal 
cavity geometry aimed at increasing resonator resistance was instigated by: 
9 Increasing the cavity hydraulic radius; 
9 adding internal cavity restrictions; 
9 including additional surfaces within the cavity volume. 
Viscous resistance at the cavity boundaries is dependent on the hydraulic radius of the 
cavity. The cavity hydraulic radius was modified through the use of fractal cavity 
shapes based on the Minkowski curve, with each fractal iteration decreasing the 
hydraulic radius by half. After 3 fractal iterations only a slight increase in resonator 
resistance was achieved (43 Pa s m"), resulting in an absorption bandwidth 
improvement of 9Hz- Only 3 fractal iterations were possible given the scale of the 
resonator cavity. The low resistance increase resulted in a negligible improvement in 
absorption bandwidth. The increase in resistance between different fractal iterations 
was consistent with the theoretical predictions suggested by Sapoval (1997). Using 
the measured results and observed trends it was concluded that 7 fractal iterations 
would be required to provide sufficient resistance for broadband absorption. 
Internal cavity restrictions in the form of a perforated layer were added to resist the 
movement of air within the cavity. It was found that smaller perforations, lower 
fraction open area, and a higher position within the cavity all resulted in greater levels 
of resistance. The highest resistance demonstrated was 556 Pa s m7l, increasing 
absorption bandwidth by IOOHz. The highly variable configuration of the perforated 
plate easily allows a tailored amount of resistance to be added. Significant fabrication 
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issues were encountered whereby fabrication perforation sizes were not accurate. 
Consolidation of unsintered powder within the finest samples with 0.5 and 0.75mm 
radii prevented the formation of any perforations. To achieve the desired diameter 
each sample required reaming. 
The addition of internal surfaces was achieved through the incorporation of cavity 
fins. Concentric fins occupying the region of planar air propagation were aimed at 
increasing viscous resistance; the concentric fins with Imm spacing provided an 
additional 177 Pa s m-1 of resistance, increasing the bandwidth of absorption by 49Hz. 
However fabrication issues were experienced relating to the removal of unsintercd 
powder between the finest Imm. spaced fins, this caused a decrease in cavity volume 
of 3.12 XIO-5 M3 (14 %), increasing the resonant frequency by 23Hz A conformal fin 
structure was developed to utilise the fabrication benefits of the fin structures and the 
faster moving upper cavity air, ufilised in the internal perforation investigation. The 
developed solution added 195 Pa s m-1 of resistance, providing an absorption 
bandwidth increase of 55Hz. This design represents a successful trade off between 
performance and fabrication. 
The results of the investigation into geometric cavity changes indicated that high 
levels of resistance could only be achieved through the incorporation of features in the 
order of Imm or less. Fabrication of these feature sizes was unsuccessful using 
Selective Laser Sintering. The use of a more accurate process could present a method 
of producing highly resistive internal geometries. 
7.3 Fabrication of Porous Topologies Using RM 
An evaluation of the acoustic properties of various RM materials revealed that 
materials produced using standard build strategies were highly dense, and exhibited 
predominantly reflective acoustic properties. The ability to vary the raster width and 
raster spacing of the FDM process has been shown to allow the fabrication of 
topologies with various levels of porosity. Control of these parameters has enabled the 
fabrication of a porous absorber, 25mm thick, which exhibited significant absorption 
over 160OHz. Alternative parameter configurations have been used to produce 
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topologies more suited to providing acoustic resistance. The inclusion of these 
composition types as a resonator covering provided up to 2272 Pa s m" of resistance, 
and in one example increased absorption bandwidth by I 19Hz. The resistive and 
absorptive properties of these topologies can be tailored through alterations to the 
FDM process parameters. The performance of these porous FDM topologies did not 
correlate with theoretical predictions. The unconventional pore structure is unlike 
traditional porous materials in terms of regularity, porosity and fibre size. 
Consequently theoretical models based on empirical derivations, such as the Bics and 
Hansen flow resistivity model and the Komatsu model for characteristic impedance 
and wavenumber, are not applicable. Theoretically derived models, such as the 
Johnson-Allard-Champoux model utilise shape factors relating to pore geometry and 
provide a more suitable method for predicting the acoustic properties of 
unconventional porous topologies. These theoretical approaches are limited by a 
requirement to accurately characterise the pore structure of the fabricated porous 
topology. 
7.4 RM Enabled Single Material Broadband Absorption 
The level of resistance achievable, configurability and ease of fabrication of the 
resistive FDM material makes it the most successful method of improving the 
absorption bandwidth of acoustic resonators using RM. The ability to produce 
structures offering porous absorption, acoustic resistance and fully reflective solid 
properties, from the same material, and in a single build, introduces potential to 
produce high performance, single material, broadband absorbers. This potential has 
been exemplified in the fabrication of a FDM, dual layer resonant absorber, damped 
using resistive material configurations, and also incorporating porous absorbing 
elements. Performance predictions of this structure indicate resonant absorption over a 
broad frequency range of 2234Hz (>3 octaves) which is complemented by higher 
porous absorption over 300OHz. 
This example demonstrates how the highly configurable topology offered by FDM 
can be used to produce a broadband, single material absorber. It draws on the initial 
acoustic findings uncovered by this research but does not represent a final solution. 
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Further investigation into the acoustic properties of the FDM configurations, and into 
the types of absorber constructions it can facilitate, may lead to solutions offering 
higher absorption, over a larger range, from a smaller sized absorber. 
The main contributions offered by this work have been the introduction of new RM 
technologies to the application of acoustic absorption. Investigation of resonant 
absorber design, enabled through the use of these technologies, has highlighted how 
different approaches to modifying the cavity geometry can be implemented to achieve 
the acoustic resistance required to increase the bandwidth of resonant absorption. The 
use of the FDM process to selectively deposit material filaments has been proven to 
be significant to the application of acoustic absorption. Control of the size and 
orientation of the filaments introduces a method of producing configurable porous 
topologies, allowing control of the acoustic response through changes to the process 
parameters. 
7.5 Future Research and Practical Implications 
The investigation into the addition of cavity geometry focused on addressing the 
effects of cavity shape separately to adding cavity features in the form of concentric 
fins and perforations. Consequently the effects of each modification could be 
determined. Development of these initial simple configurations based on the results 
obtained, has already proven to be successful in the conformal upper cavity fin design. 
Using this initial research as inspiration, there is much potential to be uncovered 
through the development of further internal cavity geometries. 
The practical application of the fractal cavity shape limits how far the hydraulic radius 
can be changed. The scale of, most resonant absorbers restricts the number of fractal 
iterations that can be applied before the fractal segments become too small to 
fabricate. The presented investigation of cavity shape was limited to two dimensional 
changes of the cavity cross section. Extending the application to 3 dimensions may 
present a method of further decreasing the hydraulic radius and increasing the amount 
of resistance. 
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The concentric fins and the upper cavity conformal fin designs are both cavity 
additions, rather than cavity modifications. Therefore they could be retrofitted into 
existing resonators, or allow resonator resistance to be varied using interchangeable 
fin configurations. The spacing between fins ultimately defines the maximum amount 
of resistance that can be achieved from the presented configurations; therefore their 
practical application can only extend to resonator configurations which require light 
damping. The concentric fins design represents a simple design with few design 
variables. The use of RM processes offers much higher levels of possible fin 
complexity. Higher levels of resistance may be achievable through the incorporation 
of more tortuous propagation paths, or by adding interconnections between adjacent 
fins to encourage more complex air flow. The fin spacing and associated powder 
removal issues could possibly be reduced through improved fin design: 
interconnected fins with no solid base would allow powder removal access from both 
ends, and a clear path through the part to facilitate powder removal using compressed 
air. Alternatively producing a fin -configuration in two sections, and assembling them 
after fabrication could potentially alleviate fabrication issues. 
As with the fins, the internal perforations offer the potential to be retrofitted or 
swapped within the cavities of existing resonators. The major issues relating to the use 
of perforated layers produced using RM, were the fabrication problems encountered 
regarding powder removal and dimensional accuracy. The measurement of different 
fabricated perforation sizes, and comparison with their intended design dimensions 
could lead to a method of accurately predicting their final dimensions, allowing 
samples to be produced which match the intended design without significant post 
processing. Further study of the perforated plate parameters and their cavity position 
may lead to a model capable of predicting resistance based on the fraction open area, 
perforation radius and position within the cavity. The use of perforations was chosen 
as it represents the simplest method of adding restrictions. Alternative restrictions, 
such as s lits, fractals, or more three dimensional geometries may be equally as 
effective at restricting the motion of cavity air, and may prove easier to fabricate. The 
influence of adding more than one layer of perforations could also be investigated. 
The fm and perforation investigation has focused on forcing air through constrictions 
of ever decreasing size, in an effort to increase resistance. The strength in using the 
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geometric freedom offered by RM is not in the size of features that can be fabricated, 
but in the feature complexity that can be achieved. It has been shown that there are 
limits to the amount of complexity that can be achieved for a given scale of 
fabrication; however both the concentric fin and perforation designs are geometrically 
simple. Further research into the acoustic resistance possible through geometric 
modifications should focus on complexity rather than feature size. 
The inclusion of cavity fins and perforations to the upper cavity area highlighted that 
adding features to interact with faster moving air can result in increased resistance. 
Further investigation into the nature of oscillatory air movement in and around the 
resonator using finite element, computational fluid dynamics would allow a more 
informed understanding of the areas of high flow velocity. This could then be used to 
optimise resonator design, or the design of resistive cavity geometries to interact with 
areas of faster moving air more effectively and produce higher levels of resistance. 
The use of FDM to produce variable topological configurations has shown great 
potential in the fabrication of both porous absorptive and acoustically resistive 
topologies. The samples produced for this investigation have demonstrated an ability 
to control the porous absorptive properties and the amount of resistance achieved. The 
inaccuracies encountered in the application of existing theoretical models to predict 
the response of these new porous topologies indicates that a more in-depth 
investigation is required. One major source of error was the use of empirically derived 
flow resistivity predictions. The use of a more theoretical flow resistivity model such 
as the one given by Stinson and Champoux (1992) which considers the pore shape 
and hydraulic radius, may lead to improved absorption predictions. The suitability of 
different models could be validated through comparison with empirical flow 
resistivity measurement of the FDM porous samples. Further error may be attributable 
to assumptions made regarding the structure of the fabricated porous structure. 
The use of more suitable theoretical models and an improved classification of the pore 
configuration, could lead to a better prediction of the acoustic behaviour of these 
homogenous configurations using existing theories. Once the structure and acoustic 
properties are accurately modelled they can be related to the process parameters, 
allowing an easily configurable porous absorber to be realised. The design of 
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structures incorporating traditional porous absorbers is restricted by the fixed acoustic 
properties of the material used. The use of a configurable porous topology allows the 
acoustic properties to be tailored to the intended application, offering more design 
freedom to acoustic absorbing structures. 
The samples produced represented very simple configurations with only two 
variables; raster width and raster spacing. The porous configurations produced 
possessed simple square pore shapes, homogenous porosity levels and straight 
propagation paths through the structure. The modification of the FDM process 
parameters offers the potential to incorporate more diverse fibre arrangements. The 
angle offset between adjacent layers can be varied, producing different pore cross 
sections, and more complex propagation paths. The parameters of each layer 
deposited can be varied independently of the other layers; this opens the possibility of 
producing parts with variable porosity throughout their depth. This would allow a 
controlled level of tortuosity to be designed into the material. The existing FDM 
process software only allows modifications to be made to entire layers, restricting 
changes to the Z-direction only. The ability to vary the material configuration 
throughout a single layer is only restricted by the current software and not the 
fabrication method. Software improvements could lead to the ability to tailor the 
porous topology in three dimensions, allowing 'volumes' within a part to exhibit 
different acoustic properties to that of the surrounding material. 
The use of the FDM process to produce porous acoustic topologies offers 
configuration flexibility - an ability not previously possible with traditional porous 
materials. Most theory relating to the response of porous materials has an element of 
empirical derivation. This is due to the random nature of traditional porous materials; 
e. g. random fibre orientation, or pore size. The ability to control the porous 
parameters, and repeatedly produce more uniform configurations offers an 
opportunity to investigate the factors influencing the acoustic properties in more 
depth. This has the potential to add further non-empirical derivations to porous 
material theory. 
The ability to fabricate parts incorporating different acoustic properties introduces the 
opportunity to design absorber structures combining different methods of absorption 
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from a single material. The combination of resonant and porous absorber types allows 
both low and high frequencies to be addressed, without the need to introduce large 
thicknesses of undesirable porous materials. Further investigation into the design of 
combined effect absorbers, may lead to absorption bandwidths greater than previously 
produced using single material absorbers. The developed dual layer resonant / porous 
absorber indicated that the incorporation of different absorption methods within the 
same structure, affects the absorption of the individual elements. Therefore the use of 
improved theoretical models, capable of combining the impedance of all the different 
porous and resonant elements, is required to accurately predict the absorption of 
structures such as these. 
The scale of parts that can currently be fabricated using the commercially available 
FDM processes, limits the immediate application of these absorber types to noise 
suppression treatment rather than room acoustics. The materials that can be fabricated 
using FDM are mainly plastics, restricting their use to low temperature applications. 
However a recently introduced material (Polyphenylsulphone) can produce parts with 
a glass transition temperature of 230*C (Bak 2003), potentially permitting engine 
exhaust noise suppression as a possible acoustic application. Process and material 
developments may eventually allow the use of this technology on a larger scale, and 
in harsher environments. 
This investigative research into the potential of using RM in the fabrication of 
acoustic absorbers, has uncovered benefits relating to performance, fabrication and 
materials. While these advantages have been demonstrated, their full potential has not 
been uncovered. The conclusions relating to the different objectives of the 
investigation have instigated questions of much interest, and have highlighted 
significant areas for future research. 
To date this work has been published within the Rapid Prototyping Journal and has 
been disseminated at the - 19th International Conference on Acoustics. Further 
publications are being prepared for both acoustics and RM audiences. 
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Appendix I 
Sound Absorption Testing 
To ascertain the absorption properties of acoustic absorbing structures there exist 
consistent test methods described by British Standards. Large samples can be tested in 
a diffuse sound field, indicative of their application, using a reverberation chamber, 
while detailed absorption characteristics can be measured using the small scale 
impedance tube method. 
The reverberation room method is described in BS EN ISO 354: 2003 (British 
Standards Institute 2003). The test method described is intended to simulate the rcal 
conditions in which acoustic absorbers will be practically used, where the sound field 
will be of random incidence and the real effects of acoustic absorption (reverbcration 
time) are measured to calculate the absorption. The basic test method involves 
producing a constant sound and measuring the time decay time once the sound has 
been stopped, the reverberation time can then be calculated. By comparing the 
reverberation time of the room with and without the specimen present, the equivalent 
sound absorption area can be calculated. This can then be divided by the surface area 
of the specimen to give the absorption cocfficient. The problem with this method is its 
reliance on large specimen sizes (in the order of lOm2) making it unsuitable for the 
ineasurement of samples produced using currently available RM processes. 
The measurement of acoustic absorption using the impedance tube method is 
considered a reliable, repeatable test method. This is exemplified by its adoption as a 
British Standard (British Standards Institute 2001b). The test method uses an enclosed 
tube with totally reflective internal surfaces to set up a standing planar wave using 
sound energy provided by a loudspeaker attached to a pure tone generator. The 
material whose absorption and impedance properties are to be measured is placed in 
front of a metal termination plate at the end of the tube. As it can be assumed that the 
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only absorption within the tube is that provided by the sample, measurement of the 
standing wave set up in the tube can be used to determine the absorption and 
impedance of the sample. The measurement of the standing wave can be undertaken 
by hand using a movable microphone (British Standards Institute 2001 a), or using an 
automated acquisition method incorporating fixed microphones (British Standards 
Institute 2001b). The automated method BS EN ISO 10534-2, utilises two fixed 
microphones and randomly generated Gaussian white noise to allow a complcte 
frequency absorption test to be automatically carried out in a matter of seconds, 
removing the need for tedious measurements of standing wave pressure peaks at 
separate frequency intervals (Figure 8.1). The outputs of the two microphones are fed 
into a Fast Fourier Transform (FFT) signal analyser that is capable of measuring the 
sound pressure at each microphone and can calculate the transfer function H 
between them (British Standards Institute 2001b, Seybert, Ross 1977). 
Figure 8.1: Two microphone impedance tube schematic. 
The fraction of sound energy reflected is given by the reflection coefficient, r (-), and 
can be calculated from, 
Hej", - 
e-jkL2 
Eq 8.1 
-j"I - He-T eI 
where z, (m) and z2 (m) are the distance to Mic I and Mic 2 respectively (Cox, 
D'Antonio 2004). 
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99mm Loudspeaker 
and subsequently the absorption coefficient a (-) is: 
a=l-r 2. Eq 8.2 
The absorption coefficient only gives an overall measure of energy loss, however the 
surface impedance can also be calculated to give more insight into the absorbent 
properties of the test material. The acoustic impedance Z (N s m7 3) is often calculated 
as a relative value to the impedance of the surrounding air Zo (N S M-3). 
Z1+ re` Eq 8.3 
Zo i- -re» ' 
where 0 (deg) represents the phase change at reflection. Using Euler's Equation, ZlZo 
can be represented as: 
Z I+ r(cosO +i sin 0) 
zo = 1-r(cosO+isinO) Eq 8.4 
which can be multiplied by its complex conjugate in order to reduce the equation to 
have a single imaginary part, 
ZQ+r cos 0)(I -r cos 0) + (I +r cos O)ir sin 0+ (I -r cos O)ir sin 0+ Pr' sin' 0 
ZO (1 -r cos 0)(I -r cos 0) + (I -r cos O)ir sin 0- (I -r cos O)ir sin 0- Pr' sin' 0 
1+2irsinO-r 2 
Eq 8.5 
1-2rcosO+r 2 
The real part of this equation is: 
Z,,,, / 
2 Eq 8.6 zo 1-2rcosO+r 
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and the imaginary part is: 
Zimaginaiy_ 
= 
2ir sin 02 Eq 8.7 zo 1-2rcosO+r 
To obtain the normalised acoustic impedance values, each of these expressions must 
be divided by the impedance of air, 
zo =PC9 Eq 8.8 
where p (kg m-3) is the density of air and c (m s-) the speed of sound in air. 
The real part of acoustic impedance is known as the resistance and is associated with 
the energy losses that occur, while the imaginary part is known as the reactance and is 
associated with phase changes. 
To measure frequencies up to 1600Hý, a tube with 100mm diameter is used. After this 
frequency the wavelength is too short to ensure planar wave propagation. For higher 
frequencies a smaller 28mm. diameter impedance tube is used. The scale of the 
samples required for the impedance tube is more suited to fabrication using RM. 
Unlike the reverberation room the impedance tube only measures absorption of 
normal incidence sound waves anq therefore is not entirely indicative of the properties 
of a material when installed within a room. 
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Appendix 2 
Standaid Resonator Performance 
While the simple geometric features associated with traditional Helmholtz resonator 
forms are well within the capabilities of the majority of commercially available RM 
processes, any affects on resonator performance characteristics need to be determined. 
The feasibility of resonator fabrication has been proven through the fabrication of 
standard benchmark resonator geomeiry, following the selection of a suitable process. 
To determine the performance characteristics the measured absorption of this standard 
test geometry was compared against that predicted by the analytical model (Eq 3.17). 
To ensure any observed effects are attributable to the resonator characteristics and not 
to uncertainties in the experimental configuration, a sensitivity analysis was carried 
out to establish the confidence in the measured results. 
9.1 Fabrication 
The configuration of the standard benchmark resonator mirrors the design of the 
theoretical model used as the base model in resonator parameter study in Section 0. 
The 15mm neck diameter and length are large enough to allow easy fabrication and 
also have low inherent resistance. A design resonant frequency of 30OHz avoids the 
frequency limits of the test apparatus, whilst still demonstrating low frequency 
absorption. This allows for a sensible cavity volume of 2.198 x 10 -4 m3 (calculated 
using Eq 2-3), suitable for testing within a 100mm. diameter impedance tube. This 
configuration forms the 
' 
basic design of all test resonators; accordingly the cavity 
volume also has scope for expansion as the addition of internal features may require. 
The standard resonator configuration is shown in Figure 9.1. 
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Factors affecting the selection of an appropriate RM process I'Or the proposed testilIL! 
are the ability to fabricate internal features in enclosed cavities, and to create complex 
internal features. The removal of support material from complex inaccessible features 
can be problematic and can be assisted by the use ofa dissolvable or powdcr based 
support system. Even surface finish is required to promote consistent air flow over all 
surfaces in order to ensure consistent viscous resistance between samples. The 
availability / access to the process will affect the number of' samples that call 
ultimately be produced, and the time taken to produce them. For the purposes of' 
evaluating cavity geometry the properties of the RM material Must be non porous to 
ensure air flow is restricted to the cavity and ricck area. The strcngth of the samples 
must be adequate to withstand rough handling and multiple mounting and removal 
frorn the test apparatus. 
The process that satisfies these criteria most fully is Selective Laser Sintering (SLS) 
(Section 2.3.1 ), particularly in its ability to produce full strength nylon parts, with 
complex internal features being self-supported by the surrounding powder during 
fabrication. The standard resonator configuration was fabricated using SLS and is 
shown in Figure 9.1(a). The base of the cavity was left off the model to simplify 
fabrication and reduce problems with the removal of support material. Instead 11 takes 
the I'Orm of a separate alumInIum sheet fixed in place . 0th four M4 bolts and scaled 
with silicone sealant. 
(a) (b) 
Figure 9.1: Standard resonator: (a) Fabricated part (b) CAD cross section (c) CAD 
cavity positive with dimensions. 
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9.2 Absorption 
To determine the improvement in acoustic absorption of' tile proposed rcsollint 
absorber modifications, the response of the standard benchmark resonator must first 
be established. The absorption properties were measured using in Impedance tube III 
accordance with BS EN ISO 10534-2 (British Standards Institute 2001b). A two 
microphone transfer function method was employed With tile use of a computer data 
acquisition unit as described in Appendix 1. This method xas used its it allows 
relatively small, 100mm diameter samples to be tested, an(] can ! ICCLIRIICIýl (ICtCl-111111C 
small variances in absorption characteristics. The Impedance tube used was an SCS 
9020 Kundt device. The test sample was mounted in the sample holder. however, 
manufacturing inaccuracies in the sample resulted in small air gaps around the sainple 
perimeter, these were subsequently sealed prior to measurement. A 0ldI3 Symphonic 
PC data acquisition unit was used to record tile microphone responses and output tile 
test signal to the impedance tube speaker via all amplifier. The microphones used 
were GRAS 40AI 1/2"condenser microphones. OldB Mctravib dBAlphaTest software 
was used to collect and interpret the data which was subsequently exported into 
Matlab to produce the absorption plots. The test equipment setup is shown in Figure 
9.2. 
The absorption coefficient values were acquired at a resolution of 3.125 flz and 
plotted on a logarithmic 1/3 octave frequency scale from 125Hz to 63011z. to focus oil 
the resonance curve. The measured results are shown as a solid line in Figure 9.3 
below. A theoretical absorption curve was produced from the model of impedance 
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Wurc 9.2. Impedance tube test equipment. 
derived from the work of Ingard (1953) (Eq 3.17), using the same cavity and orifice 
dimensions as the fabricated sample. This is plotted as a dotted line, so the responses 
can be compared. 
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Figure 9.3: Standard benchmark absorption. 
The resonant frequency of the measured resonator matches that of the prediction. The 
bandwidth of absorption when a exceeds 0.4 covers 37.51-1z. An a value of 0.4 was 
chosen as the level at which to measure bandwidth as it can be considered a 
significant level of absorption for room acoustics applications, and has previously 
been used in the measurement of resonant absorber bandwidth (Kang, Fuchs 1999). A 
discrepancy between the measured and predicted absorption curves can be noticed. 
Referring to Figure 3.2, the addition of a small amount of resistance to a lightly 
damped resonator has the effect of increasing the peak absorption frequency as well as 
broadening the bandwidth of absorption. This behaviour can also be noticed in Figure 
9.3, indicating a slight increase in resistance over that predicted by the model. This is 
likely to be caused by an increase in viscous resistance caused by the surface finish 
resulting from the SLS process. The results of this standard benchmark resonator, 
provides a base model against which to compare the performance of resonator 
developments. 
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9.3 Experimental Uncertainty 
Without some estimation of confidence, observed differences due to uncertainties in 
the measurement method or instrument calibration may be incorrectly interpreted as a 
significant effect of the sample being tested. 
To ascertain the level of confidence in the measured absorption results, a study was 
conducted to test the repeatability of the absorption results. The differences in 
consecutively measured results were compared in statistical analysis to obtain a band 
of values representing a 95% confidence level for each frequency point. 
The sources of uncertainty may be inherent in the testing method, or in the calibration 
of the test equipment. There may also be uncertainty with the physical setup of the 
test part. Therefore three comparison schemes were devised to measure each source of 
uncertainty: 
Consecutive measurements without any recalibration or remounting of the 
sample to ascertain uncertainty inherent in the test method; 
consecutive measurements with recalibration of the test equipment between 
each test, but without remounting of the sample, to test calibration uncertainty; 
* consecutive measurements without recalibration, but removing and 
remounting the test sample to ascertain uncertainty in the physical setup. 
Each scheme consisted of a sample size (N) of 6 sets of absorption curves. 
The mean absorption curve of the six sets of data is calculated by averaging the 
absorption value at each frequency point. The mean value is calculated using, 
N 
ZF =N ai Eq 9.1 
The corresponding standard deviation (S. ) at each frequency point is given by, 
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Sa =ý 
1 
2: N 
U), Eq 9.2 
NI iý 
To obtain values of uncertainty for each source, the random uncertainty can be 
calculated within a given confidence level. This allows the magnitude of uncertainty 
to be expressed absolutely, in terms of the absorption coefficient, a. The random 
uncertainty (P, ) at each frequency point is, 
ts. 
-IN 
Eq 9.3 
where t'is the value given by a t-distribution table for N-1 degrees of freedom and the 
required confidence level. A t-distribution is used rather than a Gaussian distribution, 
as S,, is only an estimation of the true standard deviation based on a finite number of 
readings N (Coleman, Steele 1999). For the purpose of this analysis a confidence level 
of 95% is used with 5 degrees of freedom (N=6), which corresponds to t'= 2.015. 
The confidence plots for each of the three comparison schemes are shown in the 
figures below. The dotted curves represent the mean absorption QF), while the solid 
lines are the 95% confidence intervals (27± P,, ). Figure 9.4 to Figure 9.6 show the 
confidence levels for each of the three schemes and Figure 9.7 compares the absolute 
uncertainty values of each scheme. 
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Figure 9.4: Measurement uncertainty - consecutive retests. 
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Figure 9.5: Measurement uncertainty - recalibrated equipment. 
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Figure 9.6: Measurement uncertainty - remounted sample. 
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Figure 9.7: Comparison of uncertainty. 
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From the plots it can be seen that the uncertainty between consecutive tests, without 
recalibration or remounting of the sample is very low (<0.005a). The uncertainty 
following remounting of the sample, but maintaining the same calibration is higher 
but under 0.02ot for the frequencies of interest. The uncertainty following recalibration 
of the test equipment is higher than the other two schemes, particularly at frequencies 
below 20OHz. 
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It can therefore be concluded that in order to minimise the uncertainty within a group 
of samples whose results are to be directly compared, they should be tested in the 
same session without recalibration of the test equipment. If this is observed, any 
changes above 0.02a, can be considered significant. 
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